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uaad  to  indicate  the  relative  effectiveness  of  antistatic  agents. 


A  literature  search  covering  instrumentation,  antistatic  agents,  and  theo¬ 
ries  of  static  electrification  was  conducted  to  provide  a  foundation  for 
the  evaluation  of  antistatic  treated  nylon  parachute  cloth.  An  appraisal 
of  the  techniques  employed  by  ot  'er  investigators,  in  the  evaluation  of 
tha  static  behavior  of  materials,  justified  the  utilisation  of  fabric  sur¬ 
face  resistance  as  the  measurable  parameter.  Special  instrumentation  was 
developed  to  provide  the  desireu  test  conditions  of  -30°F  and  10*  RH  and 
permit  the  required  range  of  resistance  measurements .  While  no  permanent 
antistatic  agent  studied  was  found  to  be  effective  at  the  low  temperature 
test  condition*,  specific  non-permanent  agents  gave  the  treated  material 
a  surface  resistance  at  the  test  conditions  which  was  comparable  to  tlie 
resistance  of  untreated  nylon  fabric  at  standard  test  conditions  of  70°T 
and  65*  RH. 
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I  INTRODUCTION 


The  Problem  of  Static  Electricity  on  Parachutes 

Nylon  parachutes  under  norm.',  conui.  ion;  usually  function  without  any  notice¬ 
able  difficulty  produced  by  static  electr. _ily.  However,  a  significant  number  of 
delayed  parachute  openings  have  been  reported  where  cold,  dry  atmospheric  condi¬ 
tions  prevailed.  These  delayed  openings  may  have  been  caused,  in  whole  or  in 
part,  by  the  accumulation  and  retention  of  3trong  electrostatic  charges  on  the 
nylon  fabric.  Because  of  the  magnitude  of  the  charge  existing  on  the  nylon  under 
extreme  climatic  conditions,  there  is  a  greater  tendency  for  the  panels  of  the 
parachute  to  cling  together  during  opening.  The  object  of  this  investigation  was 
to  carry  out  a  program  of  research,  development,  and  evaluation  to  determine  the 
antistatic  agent  most  suitable  for  the  treatment  of  personnel  type  nylon  parachute 
fabrics  to  eliminate  the  po»sibility  of  malfunctioning  caused  by  electrostatic 
charges. 

Although  the  literature  contains  an  ever  increasing  quantity  of  information 
on  suen  subjects  as  the  phenomenon  of  static,  the  effects  of  antistatic  agents, 
and  the  techniques  for  measuring  the  static  properties  of  materials,  no  reported 
work  has  been  conducted  at  conditions  of  extremely  low  temperature  and  low  rela¬ 
tive  humidity.  In  addition,  there  is  no  satisfactory  experimental  criterion  with 
which  the  acceptability  or  non-acceptability  of  a  fabric's  electrostatic  behavior 
can  be  predicted. 

In  the  case  of  the  electrostatic  difficulties  encountered  with  untreated  nylon 
in  the  manufacturing  processes  and  in  many  consumer  uses,  the  reduction  of  the 
static  tendencies  of  treated  nylon  to  a  magnitude  comparable  with  the  static  pro¬ 
perties  exhibited  by  cotton  at  normal  ambient  conditions  is  considei-ed  to  be  a 
satisfactory  goal.  However,  this  goal  would  be  too  ambitious  for  the  case  of 
parachutes  operating  at  sub  zero  temperatures.  .4s  nylon  parachutes  function  pro¬ 
perly  under  conditions  of  normal  operation,  the  electrostatic  properties  of  the 
material  at  those  normal  conditions  is  undoubtedly  satisfactory  even  though  they 
are  much  greater  than  for  cotton  fabrics  under  similar  conditions.  Should  these 
properties  be  retained  by  the  material,  after  antistatic  treatment,  when  the  con¬ 
ditions  of  use  are  those  which  are  considered  to  be  extreme,  then  the  electro¬ 
static  behavior  of  the  treated  nylon  should,  likewise,  be  satisfactory.  With  this 
interpretation  of  the  requirements,  the  desired  target  properties  of  a  treated 
nylon  fabric  were  considered  to  be  as  follows: 

1.  The  treated  fabric,  when  tested  at  conditions  oi  -jO°K  and 
l0/(  RH,  should  have  electrostatic  properties  comparable 
with  the  electrostatic  properties  of  untreated  nylon  I 
tested  at  70°F  and  65^  RH, 

2.  The  antistatic  agent  should  be  essentially  nonvolatile  at 
temperatures  below  130°F. 

3.  The  treatmen  should  be  fast  to  laundering  and  dry  clean¬ 
ing  at  temperatures  up  to  1?0°F. 


WADC  TR  54-513 


1 


4.  The  treated  fabric  should  retain  the  tensile  strength, 
tear  strength,  weight,  color,  and  air  permeability  of 
the  untreated  fabric,  both  before  anl  after  accelerated 
ageing. 

The  program  to  achieve  these  target  properties  was  divided  into  three  phases: 
first,  an  extensive  review  of  the  techni  al  literature  available  on  static  electri¬ 
city,  techniques  fur  determining  the  elec.rostatic  properties  of  textile  materials, 
and  textile  antistatic  agents;  second,  r.n  investigation  to  determine  the  most  satis¬ 
factory  method  for  evaluating  agents  at  conditions  of  low  temperature  and  low  rela¬ 
tive  humidity;  and,  third,  the  application  and  evaluation  of  nylon  antistatic  agents 
supplied  by  the  various  manufacturers. 


Phenomenon  of  Static 

The  phenomenon  of  static  electrification  was  man's  first  insight  into  the  field 

of  electricity.  As  far  back  as  600  B.  C.,  it  was  recognised  that  amber,  which  is 
a  fossilized  vegetable  resin,  after  being  handled  acquired  the  ability  to  attract 
light  particles  of  matter.  Thus,  from  the  Greek  "electron"  meaning  "amber",  the 
word  "electricity"  was  derived* 

A  search  of  the  scientific  literature  on  static  electricity  (a  bibliography  is 
presented  in  Appendix  I)  disclosed  that,  although  an  impressive  amount  of  work  has 
b«*»n  done,  little  effort  has  been  directed  toward  an  understanding  of  the  basic  phe¬ 
nomenon.  This  situation  exists  in  spite  of  the  fact  that  the  manifestations  of 
static  electricity  are  a  coanon  occurrence,  and  are  observable  both  in  the  produc¬ 
tive  utilization  of  static  as  well  as  the  hazards  created  by  its  presence.  In  the 
field  of  medicine,  static  electricity  is  utilized  in  Electrotherapy,  the  treatment 
of  disease  by  electricity;  yet,  the  fear  of  ether  explosions  due  to  static  electri¬ 
city  is  constantly  present  in  the  operating  room.  Electrostatic  flocking  produces 
a  highly  desirable  commercial  textile  product;  yet.,  processing  difficulties  brought 
about  by  static  charges  on  textile  fibers,  yarns,  and  fabrics  continue  to  produce 
costly  and  hazardous  situations. 

Recently,  as  a  result  of  the  difficulties  encountered  in  the  fabrication  and 
performance  of  textile  materials,  the  need  for  a  study  of  the  basic  aspects  of 
static  has  become  acute.  It  is  conwm  kne  /ledge  that  since  the  advent  of  the  newer 
synthetic  fibers,  operational  hazards  and  failures  have  been  multiplied  because  of 
the  greater  tendency  of  these  fibers  to  accumulate  and  retain  static  charges  than 
is  the  case  for  the  natural  fibers.  Thus,  recent  investigations  have  been  concern¬ 
ed  primarily  with  the  manifestations  of  static  electricity  rather  than  with  its 
causes.  This  can  be  attributed  to  the  urgent  need  of  corrective  measures  for  the 
abatement  of  orerational  difficulties. 

On  the  other  hand,  it  is  hardly  surprising  that  the  fundamental  aspects  of 
static  electricity  have  received  such  meager  attention  from  the  scientists.  It  has 
been  only  recently,  with  the  inception  of  the  new  theories  of  solid  state  physics, 
that  the  tools  needed  for  such  an  investigation  have  begun  to  appear.  Through  the 
study  of  solid  state  physics,  the  great  complexity  of  factors  that  enter  into  the 
determination  of  the  characteristics  of  a  surface  have  become  sore  apparent;  yet, 
the  chai acteristica  of  the  surface  of  a  material  are  only  one  set  of  factors  of  the 
total  number  that  affect  the  electrostatic  properties  of  a  material. 
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A  significant  comnentary  on  the  status  of  solid  state  physics  was  reflected  by 
the  recent  trip  of  a  prominent  research  scientist  to  ..nother  scientist  at  tne  Massa¬ 
chusetts  Institute  of  Technology.  The  meeting  was  to  discuss  the  probability  that 
a  single  clue  had  been  found  which  iright  lead  to  the  isolation  of  a  single  factor 
which  would  regulate  the  surface  character  sties  of  a  germanium  crystal.  Wien  it 
is  considered  that  germanium  can  be  purifie-  to  a  degree  that  has  not  been  possible 
for  any  other  element,  and  has  been  the  subject  of  more  research  than  any  other 
material  up  to  the  present  time,  the  probl  ins  that  r^st  be  faced  in  the  study  of 
fabric  surfaces  can  be  more  fully  realized.  It  seems  probable  that  much  effort  will 
be  expended  before  quantitative  answers  are  available  to  the  questions  concerning 
static  electricity  on  textiles. 

The  term  "static  electrification"  was  defined  by  Lobe  (39)  as  all  processes 
for  producing  segregation  of  positive  and  negative  electrical  charges  by  mechanical 
actions  which  operate  by  contact  or  impact  between  solid  surfaces,  between  solid  and 
liquid  surfaces,  or  in  the  rupture  of  solid  or  liquid  surfaces  by  gases. 

The  generation  of  static  charges  on  so  called  non-conductors,  of  which  most 
synthetic  fibers  are  typical,  has  been  ascribed  to  a  number  of  causes.  Among  these 
are  frictional  or  triboelectric  effect! ,  Volta  mechanism  or  double-layer  separation 
effects,  and  electrolytic  effects.  A  logical,  partial  explanation  of  static  charges 
ms  given  i  the  first  time  by  Frenkel  (16)  in  1917.  The  theory,  however,  was  far 
from  complete,  and  has  been  subjected  to  siany  revisions  based  upon  new  developments, 
(1),  (21).  Gonsalves  (21)  did  not  isolate  the  triboelectric  effec*  from  the  double- 
layer  effect,  but  rather  considered  that  both  terms  referred  to  the  transfer  of 
electrons  across  an  interface.  Although  his  study  ms  confined  to  the  case  of 
little  oi  no  friction,  Gonsalves  recognized  the  opinion  of  other  physicists,  that 
in  the  case  of  strong  friction  between  the  surfaces  of  materials,  other  smehanisma 
of  charge  transition  would  occur. 

Of  the  several  theories  advanced  to  explain  the-  mechanissi  of  frictional  static 
generation,  the  modern  theory,  basea  upon  quantum  mechanical  considerations  (4), 
(21)j  (57),  (64),  (70).  is  the  most  satisfactory.  An  explanation  of  this  theory, 
given  in  Appendix  II,  has  been  prepared  by  Dr.  0.  K.  Mawardi. 

Parameters  for  the  Measurement  of  Static  Propensity 

The  parameters  that  are  known  to  be  important  in  the  determination  of  one  or 
more  aspects  of  the  electrostatic  behavior  of  textile  materials  are: 

1.  The  Specific  Resistance,  or  Resistivity. 

This  quantity  can  be  a  composite,  being  determined  by  the  physical 
properties  of  both  the  surface  and  the  volume  of  a  material. 

2.  The  Dielectric  Constant. 

This  ia  a  quantity  that  enters  into  the  capacitance  of  a  given 
configuration  with  respect  to  its  surroundings, 

3.  The  Magnitude  of  the  Electrostatic  Voltage  Generated  Across 
an  Interface. 
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These  parameters  determine  the  magnitude  of  the  instantaneous  voltage  generated 
across  an  interface  for  a  given  set  of  external  conditions.  It  i3  to  be  understood 
that  the  term  "interface"  is  used  to  refer  to  surface  dimensions  as  small  as  those 
of  a  large  molecul;,  for  it  has  been  observed  (34J,  (69),  that  on  sheets  of  plastic 
ana  paper  the  diitributicn  of  charges  over  a  surface  can  be  extremely  complex, 
generally  being  'nosaic  in  which  the  pattern  is  produced  by  differences  in  charge 
density  and  polarity.  Although  the  .itude  of  the  voltage  generated  across  ar. 
interface  may  be  small,  the  field  strent'I»  may  be  extremely  high  (21),  being  limited 
to  the  value  at  which  ionization  of  the  gas  at  the  interface  occurs.  Separation  cf 
the  two  surfaces  comprising  such  an  interface  may  result  in  a  large  rise  in  poten¬ 
tial,  3ince  the  charge  may  remain  nearly  constant  while  the  capacitance  of  the 
system  is  reduced.  Whether  this  voltage  remains  at  a  high  value,  i.  e.,  whether 
the  charges  on  the  interface  remain  immobile,  depends  on  the  presence  or  lack  of 
discharge  paths.  Such  paths  can  exist  to  ground  through  the  material,  along  it,» 
surface,  or  between  oppositely  charged  areas  on  the  material.  Ion  paths,  likewise, 
can  cause  dissipation  of  charge  by  means  of  corona  discharge  between  adjacent  areas 
or  by  the  sttraction  of  ions  from  an  external  ion  source.  However,  when  the  total 
"parallel"  resistance  of  the  slmnt  discharge  paths  is  extremely  high,  charges  can 
be  developed  and  retained. 

Although  there  has  been  general  agreement  on  the  detrimental  effects  of  static 
electrical  charge  accumulation  and  the  need  for  alleviating  measures,  agreement  has 
not  been  so  general  concerning  the  methods  to  be  used.  Nevertheless,  all  correct¬ 
ive  measures  are  based  on  either  the  prevention  of  the  formation  of  the  charge  or 
tne  rapid  dissipation  of  any  charge  developed. 

At  least  for  certain  operations  in  mills,  one  successful  artifice  for  the  dis¬ 
sipation  of  the  static  charge  has  been  the  installation  of  "static  control  bars" 
consisting  of  generators  of  both  positive  and  negative  ions.  The  area  surrounding 
the  point  of  static  formation  is  rendered  conducting,  thus  allowing  a  rapid  dis¬ 
sipation  of  the  charge. 

A  second  method  of  control  has  been  the  application  of  finishes  to  the  yarns 
or  fabrics  which  reduce  tb  instantaneous  value  of  the  rharge.  It  is  generally 
assumed  that  such  age**ts  uwe  their  effectiveness  to  their  ability  to  reduce  the 
surface  and/or  volume  resistivitv  of  the  material,  thereby  providing  paths  of  low 
resistance  through  which  charges  may  be  dissipated  to  ground  or  through  which  they 
can  neutralize  each  other  (1),  (2),  (5),  (11).  (14),  (18),  (19),  (20),  (26),  (27), 
(28),  (29) f  (33),  (40),  (41)?  (45),  (48),  (54),  (55),  (59),  (60),  (61),  (66). 

Graham  (22),  however,  is  of  the  opinion  that  "the  main  function  of  an  anti¬ 
static  agent  is  to  form  an  electrostatic  shield  between  fiber  and  metal  in  order  to 
reduce  or  eliminate  the  contact  potential  between  them.  Surface  active  agents  are 
effective  as  antistatic  agents  because  they  arc  oriented  on  the  surface  of  the 
l.ber  thus  forming  a  more  effective  electrostatic  shield."  He  refers  only  to  the 
performance  of  fibers  during  fabrication,  during  which  process,  he  states,  most  of 
the  electrification  is  the  result  of  fiber-to-metal  contacts. 

In  order  to  assign  figures  of  merit  to  various  agents  that  might  be  used  for 
static  control,  it  is  necessary  to  make  observations  on  their  effects.  These  ob¬ 
servations  have  been  made  at  operational  levels  as  well  a c  in  the  laboratory,  and 
save  been  reported  in  the  literature.  At  least  one  prominent  authority  on  anti¬ 
static  agents  is  of  the  opinion  that  of  all  the  measurements  that  are  practical  at 
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the  present  time,  none  can  provide  an  accurate  indication  of  the  operational  elec¬ 
trostatic  behavior  of  a  textile  (13).  It  is  undoubtedly  true,  however,  that  order- 
of-ungnifcu  ie  indications  of  relative  performance  und'r  specific  seta  of  conditions 
can  be  oh. aired  by  Making  measurements  of  one  or  more  of  the  parameters  affecting 
electrical  performtnee. 

i 

The  experimental  techniques,  reported  in  the  literature,  used  in  evaluating 
electrical  characteristics  are  measurements  of: 

1.  The  electrical  charge 

2.  The  electrical  potential 

3.  The  specific  resistance  or  resistivity 

4.  The  rate  of  rise  of  the  charge 

5.  The  rate  of  decay  of  the  charge 

6.  The  relation  between  the  resistivity  and  the  potential  gradient 

The  measurements  of  charge  are  difficult  to  make  when  applied  to  plastic  and 
paper  sheets  (14),  (69),  and  even  more  difficult  when  applied  to  fabrics  because  of 
the  following  considerations: 

1.  Except  when  extremely  small  samples  are  used  (43),  (44),  it  has  not 
been  possible  to  achieve  a  uniform  charge  density  of  a  single  polarity 
over  a  large  enough  area  to  permit  measurements  to  be  made  with  accuracy. 

2.  Since  the  charge  density  is  small  (21),  measurements  must  be  made  over 
an  area  so  large  that  the  total  charge  is  much  greater  than  the  charse 
required  to  give  an  accurate  indication  on  Che  measuring  instrument. 

3.  The  time  constant  of  the  capacitance  under  measurement  and  the  in¬ 
ternal  resistance  of  the  sensing  instrument  Must  be  large  in  compari¬ 
son  to  the  time  required  for  an  observation. 

4.  The  internal  resistance  of  the  measuring  instrument  waist  be  large 
compared  to  the  resistant*  of  the  discharge  paths  that  exist  on  the 
material  under  test. 

5.  The  method  of  generating  the  charge  may  affect  the  electrical  pro-  I 

perties  of  the  test  specimen. 

The  measurements  of  charge  and  potential  that  have  been  made  (with  the  except¬ 
ion  of  those  made  by  Medley  (43),  (44)),appear  to  give  readings  of  the  sums  of  the 
multiple  charges  of  opposite  sign  that  existed  on  the  surfaces  under  measurement. 

Craham  (22)  rubbed  surfaces,  on  which  various  agents  had  been  deposited,  and  measuiv- 
ed  the  potential  generated  as  a  function  of  the  concentration  of  various  types  of 
%-jents  both  surface-active  and  surface-inactive.  It  would  seem  unavoidable  that 
3uch  rubbing  would  change  the  surface  properties  and  thereby  possibly  affect  the 
antistatic  performance  of  the  agents.  This  criticism  could  be  applied,  likewise, 
co  the  works  of  Chandler  (9),  Kishback  and  Horevitb  (15),  Hayek  (28),  and  Pariaud 
and  Goullioud  (50),  all  of  whom  used  friction,  with  th#  attendant  possibility  of 
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abrasion,  as  the  Deans  of  generating  the  quantity  under  measurement 


Although  it  would  be  useful  to  obtain  data  on  the  effect  of  various  artifices, 
including  antistatic  agents,  through  measurements  of  the  rate  of  charge  generation, 
the  maximum  value  of  the  charge,  the  potential  gradient,  and  the  rate  of  dissipation 
of  charge,  the  experience  of  the  last  two  years  has  indicated  that  too  many  un¬ 
controllable  factors  exist  to  w-ie  such  measurements  useful  except  possibly  to  po*nt 
out  new  directions  of  research,  on  the  *-her  hand,  a  considerable  amount  of  success 
has  attended  those  efforts  directed  toward  the  measurement  of  the  resistivity  of 
materials.  Because  of  the  relative  ease  of  measurement ,  and  because  of  the  reali¬ 
zation  that  if  the  resistivity  can  be  brought  down  to  a  low  enough  value  then  the 
magnitude  of  the  other  parameters  becomes  unimportant.  In  line  with  this  reasoning, 
most  of  the  recent  investigations  have  been  directed  toward  the  measurement  of  the 
effect  of  various  factors  on  the  resistivity  of  the  material. 

■Aether  resistivity  is  a  reliable  indication  of  electrostatic  behavior  depends, 
at  least  in  part,  on  whether  such  resistivity  is  ohmic  or  dependent  on  the  potential 
gradient.  Host  experimenters  reported  that  the  resistivities  observed  were  ohmic 
over  the  range  of  potential  gradients  used  in  their  experiments  (18),  (la),  (20), 
(33),  (66).  However,  Murphy  (45)  reported  non-ohaic  behavior  in  resistivity  meas¬ 
urements. 

Evershed  (14),  on  the  other  hand,  in  his  work  with  cotton  and  other  materials, 
found  that  only  those  materials  that  were  either  entirely  free  from  water  content 
or  were  saturated  with  water  exhibited  an  ohmic  nature.  Between  these  limits,  the 
behavior  was  found  to  be  non-ohmic,  with  the  resistance  decreasing  as  the  potential 
gradient  was  increased.  It  should  be  pointed  out,  however,  that  the  gradients  he 
used  were  high,  and  that  the  curves  obtained  were  not  clearly  defined  for  the  gra¬ 
dients  conmonly  used  in  measuring  the  resistance  of  fabrics. 

Mr.  Harold  McLean  (65)  of  the  General  Electric  Engineering  Laboratory  stated 
that  the  resistivity  was  a  function  of  the  potential  gradient,  reaching  a  peak  value 
and  then  decreasing  as  the  gradient  is  further  increased. 

Thus,  the  calculation  of  resistivity  obtained  from  readings  of  E/I  may  or  may 
not  describe  the  instantaneous  behavior  of  the  material,  depending  on  whether  or 
not  the  resistivity  is  a  function  of  the  field  strength. 

Other  than  the  ohmic  or  non-ohmic  nature  of  the  reeistivity  measurements, 
several  variables  in  the  test  procedure  must  be  given  due  consideration.  The  heter¬ 
ogeneous  nature  of  the  samples,  and  the  non-uniformity  of  antistatic  application 
both  produce  variations  in  the  resistivity  values  obtained.  Likewise,  the  pressure 
between  the  sample  under  measurement  and  the  contact  electrodes  must  be  considered* 
however,  this  source  of  variation  can  be  substantially  reduced  by  appropriate  design 
of  the  equipment,  as  reported  in  the  AATCC  In ter- Laboratory  Resistivity  Tests  (18) 
and  by  Texeira  and  Edelstein  (66)  in  using  their  guard  ring  electrode.  * 

The  foregoing  review  of  the  literature  pointed  out  the  numerous  difficulties 
to  be  expected  in  an  evaluation  of  antistatir  agents  on  parachute  fabric.  While  the 
measurable  parameters  are  rather  wall  defined,  the  correlation  between  laboratory 
evaluation  to  actual  service  results  remains  undetermined. 
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Instruments 


A a  mentioned  previously,  the  methods  employed  for  determining  the  electrostatic 
properties  of  textiles  may  be  separated  into  two  general  classifications;  first, 
instrumentation  which  generates  a  charge  on  the  test  specimen  through  friction  and 
measures  the  resulting  electrostatic  potential,  electrostatic  charge,  and/or  the 
half-life  period  of  the  charge;  and,  second,  instrumentation  which  measures  the  sur¬ 
face  or  volume  resistance  of  the  specimen  under  investigation. 

In  an  effort  to  determine  which  of  the  two  categories  could  be  expected  to  give 
the  more  desirable  technique  for  the  project,  three  series  of  evaluations  were  per¬ 
formed. 

1.  Measurement  of  Electrostatic  Charge 

An  Electrostatic  Susceptibility  Meter  was  used  in  conjunction  with  a  friction 
device  for  generating  a  charge  on  the  fabric  sample.  This  arrangement  allowed  the 
measurement  o i  the  charge  generated  as  well  as  the  half-life  period  cf  the  charge. 

Tests  were  designed  and  conducted  to  determine  the  reproducibility  of  results 
obtained  on  a  single  test  sample,  and  to  determine  the  range  of  variations  to  be 
expected  in  the  measurement  of  several  test  samples  representing  the  same  anti¬ 
static  treatment. 

The  inability  of  this  instrumentation  to  provide  reproducible  results  on  a 
single  test  specimen  indicated  its  shortcomings  and  undesirability  for  further  in¬ 
vestigation. 

2.  Measurement  of  Electrostatic  Potential 

The  Fabric  Contact  Potential  Meter  developed  by  the  General  Electric  Company 
was  loaned  to  the  Research  Foundation,  and  was  utilized  in  a  series  of  tests  for 
measuring  the  electrostatic  potential  developed  on  fabric  surfaces. 

This  instrument,  discussed  in  Appendix  III,  was  found  to  give  results  with  a 
non-reproducibility  sufficient  to  regard  the  apparatus  as  unsatisfactory  for  a 
quantitative  indication  of  electrostatic  behavior. 

3.  Measurement  of  Surface  Resistance 

An  instrument,  modeled  after  the  Hayek  and  Chromey  Resistivity  Meter,  was  loan¬ 
ed  to  the  Foundation  by  the  Asms  Worsted  Company,  Lowell,  Massachusetts.  This  in¬ 
strument  was  utilized  in  the  evaluation  of  fabric  surface  resistance  as  a  measure  of 
the  electrostatic  properties  of  the  nylon  parachute  fabric. 

Fourteen  different  antistatic  agents,  applied  to  both  white  and  orange  nylon 
fabric,  were  evaluated  at  standard  conditions  to  determine  their  effect  on  the  fabric 
surface  resistance.  A  tabulation  of  the  results  obtained,  and  a  statistical  analysis 
of  the  data  is  presented  in  Appendix  IV.  In  general,  the  investigation  gave  repro¬ 
ducible  readings  for  a  single  fabric  specimen,  and  demonstrated  the  reliability  of 
the  resistance  values  obtained. 

As  a  result  of  the  foregoing  investigations,  little  doubt  existed  concerning 
the  parameter  :.o  be  utilized  in  the  evaluation  of  antistatic  agents  on  nylon  fabric. 
Measurements  of  resistivity  on  the  test  specimens  was  selected  as  the  only  available 


method  by  which  reliable  data  could  be  obtained.  Such  a  selection  was  in  keeping 
with  the  feelings  of  other  investigators  in  the  field,  and  was  further  authenti¬ 
cated  when  the  American  Association  of  Textile  Chemists  and  Colorists  Counittee 
on  Static  Electricity  accepted  such  resistivity  measurements  as  the  Tentative  Test 
Method  for  the  evaluation  of  antistatic  agents. 

The  pioblem  with  which  this  pro  je  was  concerned,  however,  required  further 

considerations.  Since  the  base  reference  value  to  be  used  as  the  criterion  of 
effectiveness  of  an  antistatic  treatment  was  selected  as  the  antistatic  properties 
of  untreated  nylon  at  standard  conditions  (70°F  and  65#  RH).  what  then  was  the  re¬ 
sistance  value  of  nylon  at  these  conditions?  Texeira  and  Edelstein  (66)  reported 
a  value  of  2  x  10^  ohms  for  nylon  at  these  conditions.  However,  it  was  reasonable 
to  assume,  in  view  of  the  work  of  other  investigators,  that  the  resistance  range  of 
untreated  nylon  might  reach  the  order  of  magnitude  of  1Q15  ohms. 

Another  factor  to  be  considered  was  the  establishing  of  the  maximum  resistance 
that  a  treated  parachute  can  have  before  difficulties  due  to  electrostatic  attrac¬ 
tion  occurs.  The  only  information  available  in  regard  to  this  question  was  that  the 
standard  nylon  parachute  under  ordinary  ambient  temperature  and  relative  humidity 
conditions  will  usually  function  properly.  Thus,  without  actual  experimental  data 
available,  a  maximum  allowable  value  of  resistance  was  unknoun,  and  a  treated  fabric 
with  a  resistance  of  as  high  at  10^®  ohms  at  -30°F  and  1056  RH  might  function  Just  as 
well  as  a  parachute  having  a  resistance  of  only  10^- 2  ohms. 

These  considerations  determined  the  primary  characteristics  of  the  test  equip¬ 
ment  required  for  the  project.  The  instrumentation  had  to  be  designed  to  allow  the 
measurement  of  fabric  surface  resistivities  in  the  order  of  10^6  ohms.  Likewise, 
the  test  apparatus  had  to  be  capable  of  obtaining  ambient  conditions  in  the  order 
of  -30°F  and  10%  RH. 

In  an  effort  to  ascertain  which  of  the  many  possible  direct-reading  instruments 
would  be  most  suitable  for  the  measurements  of  such  high  resistances,  an  extensive 
search  of  the  literature  was  made,  and  the  market  was  surveyed  for  commercially 
available  units.  Of  the  instruments  encountered  in  the  survey,  the  "  Ctnco  Electron¬ 
ic  Electrometer"  and  the  "Keithley  Electrometer"  could  be  expected  to  provide 
accurate  readings  into  the  region  of  1015  ohms.  Likewise,  the  "Sensitive  Inverter", 
a  chopper  amplifier  sold  by  Ballantine  Laboratories,  Inc.,  Boonton,  N.  J.,  might 
also  give  readings  up  to  10^4  or  10^5  ohms.  The  Cenco  Electronic  Electrometer  was 
finally  selected  because  it  met  all  the  necessary  requirements  and  was  rather  in¬ 
expensive. 

Although  the  circuit  stability  of  the  electrometer  used  for  direct  readings  of 
resistances  in  the  lO^S  ohm  region  may  be  of  a  high  order,  these  readings  would  be 
difficult  to  obtain  because  of  the  susceptibility  of  the  instrument  to  external  dis¬ 
turbances.  For  example,  when  a  short  length  of  wire  was  attached  to  the  "hot"  input 
terminal  of  the  Cenco  Electronic  Electrometer,  it  could  detect  the  breathing  of  an 
operator  at  a  distance  of  ten  feet  if  it  were  set  in  its  most  sensitive  position. 
Likewise,  leakage  currents,  capacitance  changes  between  charged  objects  in  the 
vicinity  of  the  test  set-up,  and  electrical  transients  increased  their  nuisance 
effects  as  the  resistance  values  under  measurement  were  increased. 

In  order  to  eliminate  many  of  these  inherent  difficulties,  an  instrument  for 
resistance  measurements  was  considered  which  would  be  essentially  an  integration 
type  of  neter.  Such  an  instrument  is  described  in  Appendix  V.  Although  it  offered 
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considerable  promise,  further  development  of  circuit  component?  would  have  been  a 
costly  and  time  consuming  process.  In  view  of  the  modicum  of  success  in  test  re¬ 
sults  achieved  with  the  early  Hayek  Chromey  resis-^nce  meter,  work  was  directed  to 
the  development  of  a  similar  resistance  meter  having  a  higher  resistance  range  as 
well  as  in  improved  electrode  assembly. 


II  INSTRUMENTATION 


Electrodes  and  Accessories 

Design  and  Construction 

The  Electrodes  designed  for  Instrumentation  (Figures  1  and  2)  were  a  modifi¬ 
cation  of  the  concentric-ring  design  of  Texeira  and  Edelstein  (66).  This  design 
permitted  two  major  advantages  over  the  conventional  parallel  electrode  design. 
First,  the  circular  area  of  the  fabric  test  specimen  automatically  eliminated  the 
need  for  separate  measurements  in  the  warp  and  filling  directions.  Second,  the 
design  allows  simple  conversion  of  the  electrodes  for  their  utilization  to  measure 
either  surface  or  volume  resistance  of  the  material. 

The  upper  electrode  consisted  of  two  concentric  stainless  steel  rings  se<.  up 
on  a  highly  polished  Polystyrene  stand-off  insulator.  Mule  tee  use  of  a  bonding 
agent  was  sufficient  to  attach  the  two  materials  under  normal  conditions,  a  unique 
design  was  required  for  low  temperature  work  since  the  difference  in  the  coeffici¬ 
ents  of  expansion  of  the  materials  was  sufficient  to  cause  separation  at  -30°F. 

By  fabricating  the  electrodes  and  Polystyrene  insulators  in  such  a  manner  that 
they  were  held  together  by  a  tongue  and  groove  joint,  and  inserting  cement  into 
the  joint  by  means  of  a  hypodermic  needle,  a  permanent  bond  vas  obtained.  In 
addition,  considerable  care  was  taken  in  order  to  maintain  close  tolerances  and 
highly  polished  surfaces  on  the  electrodes  and  the  insulators. 

The  lower  electrode,  utilizing  a  movable  steel-Polystyrene  disk,  provided  for 
a  uniform  contact  between  the  fabric  specimen  and  the  upper  electrode. 

The  manipulation  of  the  electrodes  was  accomplished  by  means  of  the  electrode 
assembly  shown  in  Figures  3  and  4,  where  the  air  daahpot  establishes  a  fixed  rate 
of  loading  for  all  specimens. 

The  measuring  circuit  (Figure  5)  is  comprised  of  a  Source  Voltage  (E3),  a 
Cenco  Electro;  Electrometer,  and  a  meter  shunt.  The  source  volcage  was  con¬ 
structed  to  permit  the  selection  of  300,  100,  30,  or  3  volts.  The  meter  shunt  was 
made  up  of  nine  calibrated  resistors  ranging  from  10&  to  10^  ohms  with  a  suitable 
selector  switch  (Figures  6  and  7). 
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Calibration 


For  the  circuit  (Figure  S)  it  can  be  shown  that: 

Rg  ■  Ejj  x  Rshv  ~  Rshv, 

K 

where  Rs  -  Fabric  surface  re.  ^stance  in  ohms, 

Eg  «•  .Supply  voltage  (300,  100  ,  30,  or  3  volts), 

Ey  »  Cenco  reading  (0  to  5  volts), 

Rghv  -  Meter  shunt  resistance  in  ohms. 

Since  fabric  resistivity  has  been  defined  as  the  resistance  per  square  of 
fabric,  then: 

Fabric  resistivity  -  R„  x  Width  of  specimen  ohms, 

Distance  between  electrodes 

and  where  Width  of  specimen  -  1-5/8  "<TT  "5.106  inches 

Distance  between  electrodes  *  0.125  inches, 

thus: 

Fabric  resistivity  (ohms)  «  Rs  x  40.8. 

The  circuit  arrangement  was  calibrated  against  resistances  of  the 

values  9.5  108  ohms  ana  9,3  x  10^  ohms,  using  eac..  o-  i.ie  four  supply  voltages 

and  the  appropriate  Rshv  resistances.  From  the  data  obtained,  the  correction  factor 
required  to  convert  the  calculated  resistance  to  the  true  resistance  was  determined. 
The  results  are  presented  in  Table  1  and  are  shown  graphically  in  Figure  8. 

While  the  application  of  a  correction  factor  was  desirable  to  convert  all 
measurements  to  a  true  resistance  value,  the  variations  between  true  and  calculated 
values  could  not  be  considered  as  detrimental  to  the  test  procedure.  Nevertheless, 
this  correction  factor  indicated  the  limitation  to  be  expected  in  any  attempt  to 
correlate  results  obtained  using  the  various  source  voltages  and  shunt  resistances 
available  with  the  test  ipparatus. 

In  addition  to  the  calibration  of  the  test  apparatus  against  known  resistances, 
the  apparatus  was  also  checked  by  measuring  the  surface  resistance  of  seven  samples 
supplied  by  the  AATCC. 

The  samples  consisted  of  one  untreated  and  six  antistatic  treated  nylon  fabrics, 
the  resistances  of  which  had  been  measured  at  six  different  laboratories  in  a  "round- 
rot  in  1  test  program.  The  results  obtained  on  our  apparatus  were  converted  to  the 
logarithm  of  the  resistivities,  and  have  been  tabulated  (Table  2)  in  comparison  with 
tue  range  of  results  reported  to  the  AATCC  by  other  laboratories. 

In  general,  the  results  obtained  showed  good  agreement;  although  all  resistance 
values  for  the  treated  fabrics  were  slightly  higher  than  the  maximum  values  reported 
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to  the  AATCC  from  other  laboratories. 


Temperature  and  Humidity  Chamber 

Required  Control 

In  the  preliminary  consideration  of  the  design  o.  the  Test  Chamber,  it  was 
deemeu  necessary  to  control  both  the  temperature  ano  relative  humidity  within  very 
close  tolerances.  This  opinion  was  based  on  the  results  obtained  by  other  experi¬ 
menters  on  resistance  measurements  as  a  function  of  humidity,  where  a  slight  change 
in  humidity  resulted  in  a  large  variation  in  resistance  (resistance  varying  as  an 
inverse  function  of  humidity).  Those  studies,  however,  were  conducted  at  conditions 
with  relative  humidities  of  30*  to  70?  and  with  temperatures  greater  than  32°F, 
while  the  data  desired  for  this  project  was  for  conditions  of  -30°F  and  ID?  RH. 

From  figure  9  we  see  that  a  slight  change  in  relative  humidity  at  60°F  to  80°F 
results  in  a  considerable  change  of  absolute  humidity,  while  at  -30°F  a  correspond¬ 
ing  change  in  the  RH  produces  only  a  slight  change  in  the  absolute  humidity. 

As  can  be  seen  from  Figure  9,  the  water  vapor  present  during  resistance 
measurements  by  other  workers  was  quite  high,  and  hence  a  slight  change  in  humidity 
would  produce  a  large  change  in  resistance.  At  the  extremely  low  values  of  absolute 
humidity  required  for  this  project,  the  resulting  effect  of  small  changes  in  humidi¬ 
ty  on  the  resistance  should  be  small. 

Thus,  it  was  deemed  unnecessary  to  construct  equipment  for  rigidly  controlled 
conditions  of  temperature  and  relative  humidity,  and  therefore  in  the  final  design 
a  manual  control  system  was  used  by  which  the  temperature  and  humidity  could  be  held 
within  the  limits  of  +  5°F  and  ♦  5?  RH. 


Construction 

The  conditioning  test  chamber  was  constructed  as  shown  in  Figures  10,  11,  and 
12.  Although  the  basic  design  was  relatively  simple,  i.  e.,  a  double-wiled  chamber 
with  a  1/2  inch  air  space  between  walls,  the  fabrication  difficulties  encountered 
in  the  assembly  were  extremely  time  consuming  and  tedious.  Nevertheless,  every  pre¬ 
caution  had  to  be  taken  to  incorporate  the  features  of  air-tightness  and  good  in¬ 
sulating  properties. 

The  cooling  chamber  (Figure  13)  was  incorporated  within  the  conditioning  chaa- 
ber,  with  a  mixture  of  dry  ice  and  acetone  serving  as  the  .'efrigerant.  The  de- 
ivunidifying  and  heating  systems  were  constructed  as  shown  in  Figure  14.  The  man¬ 
ually  controlled  dehuaddifying  system  was  such  that  while  one  drying  cell  was  in 
use,  the  alternate  drying  cell  could  be  reactivated.  The  small  volume  of  air  re¬ 
tained  within  the  test  chamber  and  the  relatively  large  quantity  of  available 
desiccant  pensutted  a  rapid  reduction  in  humidity.  The  heating  system  allowed  a 
positive  control  of  the  temperature  by  providing,  when  necessary,  a  counteracting 
effect  :o  the  cooling  chamber. 

A  Minneapolis  Honeywell  Temperature  Recorder  with  a  range  of  -70°F  to  160°F, 
ar.d  a  standard  mercury  thermometer  were  util  lied  for  temperature  measurements; 
wnile  an  Amir^o  Recording  Electric  Hygrometer,  and  a  Serdex  Hygrometer  (Type  HGS- 
H’/-l)  were  used  as  indicators  of  the  relative  humidity  within  the  test  chamber. 
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The  completed  LTIRF  Resistivity  Tester  was  placed  within  a  Faraday  Cage  to 
eliminate  external  disturbance  effects.  The  Resistivity  Meter  Assembly  and  the 
Faraday  Cage  are  shown  in  Figure  15. 


Ill  ANTIS .aTIC  AGENTS 


The  AATCC  Yearbook  and  Hall's  Modem  Textile  Auxiliaries  were  used  as  the 
principal  source  of  information  in  obtaining  the  names  wf  companies  who  manufactured 
antistatic  agents.  Thirty-five  companies  were  contacted  for  samples  of  antistatic 
agents  capable  of  withstanding  washing  and  dry  cleaning  procedures  without  losing 
their  efficiency.  While  a  large  number  of  such  agents  were  received,  no  agent  was 
suggested  as  being  fast  to  both  washing  and  dry  cleaning. 

The  antistatic  agents  received  and  subsequently  tested  were  those  Identified 
in  Table  3, 

The  thirty-nine  agents  were  applied  to  both  Neutral  White  and  International 
Orange  nylon  Type  I,  1.1  ounce,  rip-stop  weave,  parachute  cloth.  The  material  was 
obtained  from  Cheney  Brothers,  Manchester,  Connecticut,  and  corresponded  to  United 
States  Government  Specification  MIL-C-7020. 

Application  of  the  agents  to  the  fabrics  was  carried  out  using  a  laboratory 
Butterworth  padder.  The  per  cent  difference  between  the  conditioned  weights 
(75°F  and  RH)  of  each  sample  befcre  and  after  the  antistatic  treatment  was 

considered  as  the  per  cent  solids  deposited  on  the  material.  In  Table  4,  the  per 
cent  solids  add-on  and  the  manufacturer's  claim  for  the  fastness  properties  have 
been  tabulated. 

If  the  manufacturer  made  recommendations  as  to  the  amount  of  antistatic  agent 
required  for  maximum  effectiveness,  then  the  add-or.  applied  was  in  keeping  with 
those  recomsendations.  Where  no  specifications  were  available,  an  attempt  was  made 
to  apply  a  2%  active  add-on.  If  nc  specifications  were  furnished  and  if  the  agent 
had  a  limited  solubility  or  dispersibility  in  the  application  medium  which  prevent¬ 
ed  an  add-on  of  2%,  then  the  maximum  possible  concentration  (fcr  maximum  add-on) 
was  used. 

From  an  evaluation  standpoint,  it  would  have  been  more  desirable  to  apply 
each  antistatic  agent  at  different  levels  of  concentrations  and  determine  experi¬ 
mentally  the  most  effective  add-on.  This  method,  however,  was  not  practical  due 
to  the  large  amount  of  work  that  would  be  involved.  On  the  other  hand,  it  was  felt 
(in  keeping  with  the  views  of  many  manufacturers)  that  if  a  sufficient  amount  of 
agent  were  applied,  then  the  maximum  efficiency  should  be  obtained.  This  theory 
is  shown  in  Figure  16,  where  the  addition  of  antistatic  agent  concentrations  great¬ 
er  than  "M"  produce  a  negligible  change  in  the  efficiency  of  the  treatment. 

The  highest  value  of  "M'!  reported  by  manufacturers  who  specified  the  most 
efficient  concentration  of  their  agent  was  given  as  approximately  the  2.  per  cent 
level.  This  constituted  the  basis  fcr  selecting  2  per  cent  or  higher  concentra¬ 
tions  where  reconmendations  were  not  supplied. 
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IV  TEST  RESULTS 


A.  Oran**  r»  White  Nylon 

Early  in  the  program  the  Air  l’orce  indicated  that  a  greater  number  of  opcratic^- 
al  failures  were  reported  for  the  oraugc-v'Hite  parachutes  than  for  the  solid  colorea 
(white  or  orange)  parachutes.  This  posed  question  as  to  whether  or  not  the 
electrostatic  properties  of  orange  dyed  nylon  were  aubatantially  different  from 
those  of  undyed  nylon. 

In  conjunction  with  the  analysis  of  antistatic  treated  fabrics  using  the  Hayek- 
Chromey  Meter  (Appendix  IV),  resistance  measurements  were  made  on  both  orange  fabric 
and  white  fabric  Co  determine  if  any  differences  existed  between  the  two  fabrics. 

Based  upon  the  supposition  that  the  electrostatic  properties  of  the  white  and 
orange  nylon  fabrics  are  the  same,  the  application  of  several  antistatic  agents  to 
the  two  materials  should  give  antistatic  properties  with  a  high  degree  of  correla¬ 
tion  between  the  orange  and  white  fabrics.  The  relative  mean  effectiveness  of  four¬ 
teen  antistatic  agents  have  been  listed  in  Table  5,  and  presented  in  graphic  fora 
in  Figure  17. 

The  data  indicated  that  a  certain  order  exists  in  regard  to  the  relative 
effectiveness  of  each  agent  for  the  two  fabrics.  Two  methods  of  correlation,  based 
on  ranks,  were  applied  to  the  data.  (The  possible  value  limits  are  -1  to  +1,  with 
-1  indicating  High  negative  correlation,  0  indicating  no  correlation,  and  *1  indi¬ 
cating  high  positive  correlation.)  The  correlation  coefficient,  using  the  Spearman 
technique,  was  found  to  be  +0.81,  while  the  coefficient  using  the  Kendall  method 
was  +0.69.  From  these  results  it  is  possible  to  conclude  that,  from  among  the 
several  antistatic  agents,  the  one  showing  the  most  effectiveness  on  white  fabrics 
will  also  be  most  effective  on  an  orange  fabric.  However,  the  actual  numeric 
resistivities  of  the  agent  on  each  fabric  will  not  be  equal. 


B.  Resistivity  as  a  Function  of  Temperature 

Using  the  LTTRF  Resistivity  Meter,  measurements  of  resistivity  as  a  function 
of  temperature  with  approximately  constant  relative  humidity  were  made  on  white 
nylon  fabrics  treated  with  antistatic  agents  No,  13  and  Ho.  15,  Each  value  obtain¬ 
ed  was  the  average  of  five  resistance  measurements  on  a  single  fabric  sample.  Each 
specimen  selected  for  the  evaluation  had  a  resistivity  value  close  to  the  mean 
resistivity  value  of  the  treated  fabric  when  measured  at  64°F  and  &3f  RH.  All 
measurements  were  made  on  the  same  surface  of  each  specimen. 

The  results  of  the  investigation  have  been  tabulated  in  Table  6  and  shown 
graphically  in  Figure  18, 


C.  Resistivity  as  a  Function  of  Relative  Humidity 

Measurements  of  resistivity  versus  relative  humidity  at  constant  temperature 
were  carried  out  on  three  fabric  samples.  The  results  obtained  are  shown  in  Table 
7  and  Figure  lv.  The  tests  were  made  on  the  specimens  used  for  the  resistivity  rs 
temperature  study,  and  the  same  precaution*  were  followed  in  the  evaluation, 

* 
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D.  Resistivity  Measurements 

I'sing  the  LTIRF  Resistivity  Meter,  the  thirty-nine  antistatic  treated  fabrics 
were  evaluated  at  various  conditions  of  temperature  and  relative  humidity.  The 
results  obtained  are  tabulated  in  Tables  8  and  S. 

The  tests  conducted  at  -30°F  ♦_  5°  ant  10J{  RH  +_  2%  indicate  that  treatments 
No.  6,  7,  9,  13,  and  IS  were  the  only  sauces  worthy  of  further  evaluation.  These 
five  treatments  (on  both  white  and  orange  fabric)  were  subjected  to  a  laundering 
procedure  in  accordance  with  the  AATCC  Tentative  Test  Method  40-52,  and  re-evaluated 
for  their  antistatic  properties.  All  treatments,  alter  laundering,  had  resistivity 
values  beyond  the  range  of  the  test  apparatus  (greater  t^an  6.12  x  1C16  ohms). 

The  mean  resistivity  and  the  range  of  values  were  calculated  for  each  treatment. 
In  those  cases  where  one  or  more  values  were  within  the  range  of  the  apparatus 
while  the  remaining  measurements  were  greater  than  the  test  limits,  the  average 
resistivity  was  reported  as  a  value  greater  than  the  range,  and  the  aHniim 

value  measured  was  incorporated  in  the  tables  as  the  lover  limit. 
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V  DISCUSSION 


A.  Electrostatic  Differences  Between  Orange  end  White  Parachute  Cloth 

The  results  of  the  rank  correlation  datn  for  orange  treated  fabric  to  white 
treated  fabric  gave  a  Spearman  coefficient  of  +0.S1  and  a  Kendall  coefficient  of 
♦0.69.  Based  upon  the  hypothesis  that  no  difference  existed  in  the  electrostatic 
prop  rties  of  the  dyed  and  undyed  materials,  and  sir;ce  the  amount  of  antistatic 
agent  applied  to  the  two  fabric  samples  was  substaj  tiaJly  the  same,  then  it  ms 
Ivgical  to  assume  that  a  high  positive  coefficient  of  correlation  (near  +1)  would 
be  found.  While  the  correlation  coefficients  are  fairly  high,  little  doubt  exist¬ 
ed  that  a  variation  does  exist  between  the  resistivities  (and  hence  between  the 
electrostatic  properties)  of  the  dyed  and  undyed  nylon  parachute  fabrics. 

An  examination  of  the  mean  values  for  each  antistatic  treatment  oa  the  orange 
vs  white  fabric,  shows  that,  in  general,  the  resistivity  of  the  orange  material  has 
a  higher  value  than  that  of  the  white  fabric. 

In  the  light  of  these  data,  it  may  be  interpreted  that  the  orange  dyed  fabric 
is  of  a  higher  resistance  than  the  original  undyed  material.  Thus,  a  greater 
electrostatic  potential  (increased  attraction)  could  exist  between  the  different 
colored  panels  in  the  orange-white  parachutes  than  in  a  single  color  parachute. 
Bence,  at  threshold  conditions,  the  increased  attraction  between  the  orange  and 
white  portions  of  a  combination  parachute  might  be  sufficient  to  cause  increased 
operational  failures  reported  for  this  type  of  parachute. 

B.  The  Effect  of  Temperature  on  Resistivity 

Even  though  good  reproducibility  was  obtained  in  the  resistivity-temperature 
data  for  treatments  No.  13  and  No.  15  (figure  18),  the  results  achieved  were  not 
sufficient  to  determine  the  exact  relationship  between  temperature  and  fabric  re¬ 
sistivity.  The  slight  variations  during  the  tests  of  relative  humidity  and,  pro¬ 
bably  mere  important,  the  variations  ir  absolute  humidity  have  been  reflected, 
undoubtedly,  in  the  curves  produced. 

The  variations  in  beth  relative  and  absolute  humidity  during  the  investigation 
are  shown  in  Table  10.  The  table  shows  that  the  moisture  content  of  the  air  at 
32°F  and  16t  HH  was  thirty  times  greater  than  the  content  at  -3C°F  and  lOf  SSL. 

Since  Hersh  and  Montgomery  (33),  teggin,  Morris,  and  Yuill  (36),  and  Slater 
(61)  reported  that  resistivity  is  primarily  a  function  of  moisture  content  rather 
than  chemical  structure,  and  since  the  moisture  content  of  the  material  depends 
on  the  absolute  humidity  rather  than  on  the  relative  humidity,  an  evaluation  of 
resistivity  vs^  temperature  measurements  would  require  a  rigidly  controlled  absolute 
humility.  Nevertheless,  the  data  acquired  describe  satisfactorily  the  phenomenon 
involvtd,  wherein  the  surface  resistivity  increases  as  the  temperature  decreases. 

C.  The  Effect  of  Moisture  on  Resistivity 

As  in  the  case  of  the  resistivity  vs  temperature  measurements,  the  data  ob¬ 
tain  ;d  for  the  resistivity  vs  relative  humidity  were  insufficient  for  the  determina¬ 
tion  of  a  quantitative  evaluation  of  the  results.  However,  the  data  clearly 
illustrated  the  fact  that  fabric  surface  resistance  increases  as  the  relative 
humility  decreases. 
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D.  Resistivity  Measurements 

The  L’ean  surface  resistivity  of  untreated  nylon  parachute  fabric  at  conditions 
of  70°F  and  65%  RH  was  determined  to  bei 

6.12  x  10^4  ohm  for  white  material,  and 

10.8  x  10^4  ohms  for  orange  material. 

These  values  compared  favorably  with  the  value  of  2  x  10^  ohms  reported  by 
Texeira  and  Edelstein  (66)  for  untreated  nylon  fabric  surface  resistivity. 

In  line  with  the  target  properties  discussed  previously,  these  resistivity 
values  were  used  as  a  reference  point  for  establishing  the  relative  effectiveness 
of  a  given  antistatic  treatment  at  low  temperature  and  low  humidity  conditions. 

While  none  of  the  thirty-nine  agents  tested  withstood  laundering,  five  fabric 
treatments,  Nos.  6,  7,  9,  13,  and  IS,  possessed  antistatic  properties  at  the  con¬ 
ditions  of  -30°F  and  in<  RH  which  were  in  the  range  of  the  reference  values  of 

6.12  x  lo*4  and  10.8  x  1014  ohms  for  nylon  at  standard  conditions. 


VI  CONCLUSIONS 


From  the  evaluation  of  antistatic  treatments  on  nylon  fabrics,  the  following 
conclusions  may  be  drawn: 

1.  The  surface  resistance  calculated  from  the  E/I  values  obtained  with 
the  LTIRF  Resistivity  Tester  required  a  correction  factor  to  deter¬ 
mine  the  actual  resistance  value.  The  magnitude  of  this  factor  depends 
upon  the  supply  voltage  and  meter  shunt  resistance  used  in  the  circuit. 
Md.le  the  correction  factors  are  normally  very  near  1.0  (indicating 
little  difference  between  calculated  and  true  resistance),  they  must 

be  taken  into  consideration  when  attempting  to  correlate  data  obtained 
with  different  instruments. 

2.  Th*  calculated  mean  resistivity  of  untreated  nylon  parachute  fabric. 

Type  I,  1.1  ounce,  rip-stop  weave  at  standard  conditions  of  70°F  s^d 
65%  RH  was: 

6.12  x  10^4  ohms  for  Neutral  White,  and 
10.2  x  10^4  ohms  for  International  Orange. 

3.  A  given  antistatic  agent  differs  in  its  effectiveness  when  applied 
to  white  nylon  and  to  orange  nylon  fabrics.  For  the  agents  tested, 
all  but  one  were  more  effective  on  the  white  fabric  than  on  whe 
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orange  fabric.  The  rank  correlation  of  orange  fabric  to  white  fr brie 
indicated  a  difference  in  the  electrostatic  properties  of  the  tve 
oaterials.  Th^se  factors  are  important  in  the  light  of  Terbal  re¬ 
ports  that  a  greater  number  of  operational  failures  occur  with  orange- 
white  parachutes  than  with  solid  color  parachutes. 

4.  No  permanent  (to  laundering  a;.u  dry  cleaning)  antistatic  agent  was 
founu  to  be  effective  for  electi static  protection  of  nylon  at  -30°F 
and  10$  RH> 

5.  Two  non-permanent  agent3  (Nos.  13  and  15)  gave  the  nylon  the  desired 
antistatic  properties  at  -300,r  and  10$  RH.  In  addition,  treatments 
Nos.  6,  7,  and  9  were  relatively  effective  and  deemed  worthy  of 
further  consideration  and  evaluation  prior  to  &  selection  of  any 
one  "best"  agent. 

6.  The  fact  that  several  antistatic  agents  proved  to  be  effective  under 
conditions  of  extremely  low  absolute  humidity  is  of  significance  in 
the  theory  of  antistatic  action.  Under  such  conditions  the  resistance 
cannot  be  primarily  a  function  of  tha  absorption  of  water  by  the  agent. 
Although  conduction  due  to  moisture  content  may  be  the  predominating 
characteristic  under  noraal  atmospheric  conditions,  the  electrical 
behavior  encountered  under  adverse  conditions  oust  reflect  the  phy¬ 
sical  and/or  chemical  properties  of  the  agent. 

This  evaluation  of  antistatic  agents  cannot  be  considered  as  a  completed 
program  in  tho  establishment  of  the  best  commercial  antistatic  agent  for  nylon 
parachutes.  Since  no  permanent  agent  was  found  satisfactory,  a  ncr—permanent 
treatment  of  sufficient  efficiency  should  constitute  the  desired  goal.  While 
five  such  possible  agents  were  selected  from  the  thirty-nine  materials  tested, 
the  final  selection  would  have  to  b*  based  on  u  continued  investigation  to 
establish  statistical  significance  to  the  choice  made  in  light  of  the  effective¬ 
ness  of  treatment  and  the  final  properties  of  the  nylon  fabric. 

In  establishing  the  antistatic  efficiency  (or  other  characteristics)  of  agents 
investigated,  consideration  oust  be  given  to  the  range  of  resistance  values  measured 
for  each  treatment.  While  two  given  treatments  may  have  the  same  mean  resistiv¬ 
ity,  the  treatment  with  the  smaller  variance  must  be  considered  as  providing  the 
better  finish,  and  consequently  providing  the  better  electrostatic  prt  section. 

In  this  investigation  there  was  a  considerable  difference  in  tlia  variances 
of  the  resistivity  measurements  for  the  various  agents.  These  differences  may  be 
&  consequence  of  the  effectiveness  of  the  agent,  or  a  functicn  of  the  evenness  of 
application.  If  the  antistatic  properties  of  a  given  agent  tend  to  change  due  to 
chemical  or  physical  modification  of  the  finish,  then  a  large  variance  may  result. 

On  the  other  hand,  when  the  electrostatic  propertie*  change  rapidly  with  the  con¬ 
centration  of  the  applied  agent,  the  method  of  application  must  be  considered.  It 
is  well  known  that  in  the  applic'tion  of  a  finish,  differences  in  pickup  will  occur 
over  the  length  of  fabric  as  well  as  from  side  to  side  of  the  piece.  These  two 
possibilities  are  worthy  of  consideration  in  the  final  selection  of  an  agent  for 
use  as  an  antistatic  finish. 


i/ADC  TR  54-513 


17 


•#*£ 


Bmsammk 


•■■'m  ~  v*- 

sSk^'i -r®if :; 


Up  to  this  point,  it  has  been  assumed  that  the  malfunctioning  of  pars, chutes 
in  the  dry  arctic  regions  is  due  to  the  retention  of  static  charges*  Should  this 
be  the  case,  then  (based  upon  the  investigation  cor  ducted)  the  application  of  a 
suitable  non-permanent  antistatic  agent  would  alleviate  those  difficulties.  As 
suggested  by  Mr.  H.  T.  McLean,  (Gsneral  Electric  Co.),  not  only  the  parachute  but 
all  other  dielectric  materials  in  the  entire  parachute  assembly  and  container 
should  be  treated  with  an  antistatic  age.  t,  for  maximum  possible  efficiency. 

As  previously  stated,  the  effectiveness  of  the  antistatic  agents  has  been 
evaluated  through  the  investigation  of  only  one  of  the  measurable  parameters  known 
to  be  important  to  electrostatic  behavior  -  fabric  surface  resistivity.  How  well 
such  laboratory  results  correlate  with  actual  service  performance  remains  unanswer¬ 
ed.  This  question,  along  with  numerous  others  prevailing  in  this  field  can  be 
answered  only  through  a  continued  and  expanded  investigation  of  the  phenomenon  of 
static  electricity. 

Several  avenues  of  approach  should  be  followed  in  an  effort  to  understand 
further  and  combat  the  problems  created  by  static  charges.  The  method  o.  measur¬ 
ing  fabric  resistance  may  be  greatly  improved  by  an  investigation  of  the  utiliza¬ 
tion  of  the  Integration  Circuit  (discussed  in  Appendix  V).  Other  parameters 
affecting  the  electrostatic  behavior  of  materials  (i.  e.,  the  dielectric  constant 
and  the  magnitude  of  the  electrostatic  voltage  generated  across  an  interface) 
should  be  studied  to  obtain  accurate  and  reproducible  methods  of  measurement,  and 
to  determine  the  relative  importance  of  all  parameters.  The  various  basic  materi¬ 
als,  such  as  nylon,  must  be  studied  and  understood  from  the  point  of  view  of  elec¬ 
trostatic  susceptibility.  Such  a  study  may  be  more  effective  through  the  uae  of 
homogeneous  nylon  sheeting  rather  than  a  woven  fabric.  And,  finally,  the  nature 
of  the  finishes,  applied  as  antistatic  agents,  requires  a  greater  unde*  tending, 
wherein  the  significance  of  the  chemical  structure,  possible  chemical  action,  and 
physical  properties  can  be  interpreted  in  tens  of  antistatic  properties. 

In  general,  the  problems  cf  static  cannot  be  wholly  overcome  until  a  thorough 
understanding  of  the  phenomena  is  made  available  by  an  expanded  program  into  the 
many  related  fields. 


VADC  TR  54-513 


APPENDIX  I 


I 

BIBLIOGRAPHY  ! 


1.  Aney,  V.  G.  ind  Hun  burger,  F.  A  Method  for  Evaluating  the  Surface  and  Volume 

Resistance  Characteristics  of  Solid  Dielectric  Materials.  Proc.  A.S.T.M,  49, 
1949,  p.  1073.  i 

2.  A.S.T.M.  Standard  Methods  of  Tests  for  Insulation  Resistance  of  standard  In¬ 
sulating  Materials.  A.S.T.M.  Designation  D257-S2T,  A.S.T.M.  Standards,  1952, 
p.  1031. 

3.  Ballon,  J.  W,  Static  Electricity  in  Textiles.  Text.  Res.  Jour,,  Vol.  24, 

No.  2,  1954,  p.  Il6. 

4.  Bardun,  J.  Phy.  Rer.,  Ser.  II,  71,  1947  and  Ser.  II,  77,  1947. 

5.  Baxter,  S.  Electrical  Conductivity  in  Textiles.  Trans.  Fhraday  Soc.,  Vol.  39, 
1943,  p.  207. 

6.  Bernet,  E.  J.  and  Hutter,  E.  C.  Electrostatic  Phenos»na  II.  Electrostatic 
Voltmeters.  I.T.T.  Research  Report  fa,  Feb,  1948,  p.  25. 

7.  Busby,  J.  C.  The  Behavior  of  Fibers  in  Electrostatic  Fields  and  Co— ercial 
Applications  Thereof.  M.  S.  Thesis.  T.  E.  264.  Lowell  Textile  Inst.,  tfcv.  1947. 

8.  Carlins,  ?  V.  The  Moisture  Relations  in  Textiles.  J.  Soc.  Dyers  and  Color¬ 
ists,  Yol.  0,  1944,  p.  232. 

9.  Chandler,  L.  B.  Here's  How  Nylon  Antistatic  agents  Compare  with  Each  Other. 

Textile  World,  Jan.  1951.  - 

1C.  Cohen,  A.  and  Moaer,  H.  Ann.  Pbya.  Yol.  43,  1914,  p,  1048. 

11.  Cohn,  L.  H.  and  Guest,  P.  G.  Influence  of  Humidity  Upon  the  Resistivity  of 
Soli"'  Dielectrics  and  Upon  Dissipation  of  Static  Electricity.  U.  S.  Bureau  of 
Mines  Circular  I.  C.,  1944,  p.  7286. 

12.  Denham,  W.  S.,  Hutton,  E.  A.  and  Lonsdale,  T.  The  Measurement  of  the  Electrical 
Resistance  of  Yams  and  Cloths.  Trans.  Fara-lay  Soc.  "Vol.  31,  1935,  p.  5117 

13.  Edelatein,  S.  M.  Static  Electricity  in  Textiles.  Am.  Dyestuff  Raptr. ,  Aug, 
1952» 

14.  Fvershed,  S.  J.,  Inst.  Elec.  Engrs.  London,  Yol.  52,  1914,  p.  51. 

15.  Fijhbeck,  J.  and  Horevitch,  A.  M.  Measurement  of  Static  Electricity  on  Textile 

Fabrics.  M.  S.  Thesis,  Lowell  Textile  Inst.,  May,  l9Sl.  1 

16.  Frenkel,  J.  Phil.  Mag.,  Vol.  33,  1917,  p.  257. 

17.  Gerard,  M,  0.,  Ml.  Lost.  Text.,  Francs,  No.  7,  1948,  p.  9. 


WADC  TR  54—513 


19 


18.  Glarun,  S.  M,  and  Barnard,  K,  H.,  Report  of  the  A.A.T.C.C.  Antistatic  Con., 

April  16,  1953. 

19,  Glarum,  S.  M,  and  Barnard,  K,  H.,  Report  of  the  A.A.T.C.C.  Antistatic  Com,, 

New  York  City,  Not,  19,  1953, 

2C,  Glarum,  S.  M.  and  Barnard,  K.  H„  Report  on  InterleNoratoiy  ResiatiTity  Tests 
of  the  A.A.T.C.C.,  A.A.l.C.C.  Antistatic  Cosnittee  i  meting,  Atlantic  City, 

\pr*l  29,  1954, 

21,  Gonsalves,  V,  E.  Seme  Fundamental  Questions  Concerning  the  flic  Ctrl  f Na¬ 

tion  of  Textile  Yarn?.  Text.  Rea,  Jour,,  Part  I,  Vol.  23,  1953,  p,  711, 

22,  Graham,  G.  V.  Some  Research  on  the  Generation  Inhibition  of  Static  Electri¬ 
city.  Paper  presented  at  the  3rd  Canadian  Textile  Seminar  sponsored  by  the 
Tortile  Tech.  Fed.  of  Canada  at  Kingston,  Ont„  Sept.  11-13,  1952, 

23,  Guest,  P.  G,  Static  Electricity  in  Nature  and  Industry.  U.  S,  Bureau  of  Mine* 
Bulletin,  1938,  p.  368. 

24,  Harper,  W.  R.  Volta  Effect  as  a  Cause  of  Static  Electrification.  Prcc.  Royal 
Soc.,  A205,  1951,  p.  83. 

25,  Harris,  M.  and  Sorkne,  A.  M.,  Electrouhoritic  Studies  of  Nylon.  Jour,  of  Rea. 
of  Nat.  Bur.  S„  Vol.  26,  April,  1941. 

26,  Hayek,  M.  The  Measurement  of  Static  Electricity  on  Fabrics.  Am.  Dyestuff. 
Reptr.  Vol.  40,  1951,  p.  164, 

27,  Hayek,  H.  Static  Electricity  on  Synthetic  Fibers  and  Fabrics.  Contribution 
No.  106  from  Jackson  Laboratory,  E.  I.  du  Pont  de  Nemours  fr  Co.,  Wilmington, 

Del, 

28,  Hayek,  M,  and  Chromey,  F.  C.  The  Measurer”?  nf  Static  Electricity  in  Fabrlca. 
Am.  Dyestuff  Reptr.,  Vol.  40,  1951,  p.  164, 

29,  Hayek,  M.  Antistatic  Agents  Keyed  to  VTater  Film.  Press  Release,  naily  Hews 
Record,  Sept.  21,  1953,  p.  36. 

30,  Heisner,  C.  Thesis,  Erlangen.  1911. 

31,  Hearle,  J.  W.  S.,  Journ.  Text.  Inst.,  Vol,  43,  1952,  p.  194. 

32,  Helmholx,  H.  Ann.  Phys.  Vol,  7,  1879,  p.  337. 

33,  Hersh,  S.  P.  and  Montgomery,  D.  J.  Electrical  Resistance  Measurements  OR  Fitera 
and  Fiber  Assemblies,  Text.  Research  J.,  Vol.  22,  1952,  pp.  12,  805, 

34,  Hull,  H.  H,  A  Method  of  Studying  the  Distribution  and  Sian  of  Static  Charges 
on  Solid  Materials.  Jour,  App.  Phy.  Vol.  20,  1949,  p.  1157, 

35,  Jones,  J.  H.  The  Influence  of  the  Surrounding  Medium  on  FrlctiQMl.BC9trtcltI. 
Phil.  Mag.,  Vol.  50,  1925,  p.  1160. 


WADC-  TR  54-513 


20 


36,  Kej»<»in,  Morris  and  Yuill,  J.  Text.  Inst,  Trans,  Vol.  40,  1949,  p,  T  702, 

37,  Kendall,  J,  T.,  Sci,  Mews,  Vol,  17,  1950,  p,  78, 

38,  Likaicke,  D,  J,  Electrostatic  Series  of.  Material  a.  Am,  Dyestuff  Reptr.  Vol, 
38,  1949,  p,  853, 

39,  Loeb,  L,  B,  Static  Electricity  Phenomena,  Basic  Mechanic,  Science,  Vol,  102, 
No.  2658,  Dec.  1945,  p.  573. 

40,  Marder,  S.  S.  The  Electrical  Hygrometer,  and  the  Measurement  of  Electrical  Con¬ 
ductivity  in  the  Never  Textile  Fibers.  M,  S.  Thesis,  T,  E,  274,  Lowell  Textile 
Inst,,  June,  1946, 

41,  Marsh,  M.  C.  and  Earp,  K,  The  Electrical  Resistivity  of  Wool.  Trans,  Faraday, 
Soc.,  Val.  29,  1933,  p,  173, 

42,  Matheson,  L.  A.  and  Caidicourt,  V.  J.  Electrical  Charge  Storage  In  Polystyrene 
Capacitors .  Jour,  App,  Phy,  Vol,  22,  1951,  p.  1176, 

43,  Medley,  J.  A.  The  Discharge  of  Electrified  Textiles,  Jour,  Text.  Inst,  Vol. 
45,  1954,  p.  T123, 

44,  Medley,  J*  A,  Frictional  Electrification  and  Gaseous  Discharge.  Nature,  Vol, 
166,  1951,  p.  524. 


45.  Murphy,  E,  J.  Phys.  Chem.  Vol,  33,  1929,  p,  200. 

46.  Neuhof,  0.  Textil-Proxis,  Vol.  5,  1950,  p,  224, 

47.  Noman,  R.  H.  J.  Sc,  Inst,,  Vol.  27,  1950,  p,  200. 

46,  O'Brien,  F,  E.  J.  Sc.  Inst.,  Vol.  25,  1948,  p.  73. 

49.  Palmer  What  Aoout  Friction?  J.  A*er.  Physics*  Vol.  17,  1949,  p,  340, 

50.  Pariaud,  J.  C„  OoulUoud,  P.  AppareiUage  et  Methode  dc  Heaure  dea  Ctargcs 
Electros  tiauca  Cries  par  Fratteaent.  Jour,  de  Physeque  et  de  Radius,  Vol.  12, 
No.  6,  1951,  p.  435. 

51.  Perucca,  S,  F,  Physik,  Vol,  51,  1928,  p,  268. 

52.  Pieper,  E,  Textil-Praxia,  Vol.  6,  1951,  p,  32. 

53.  Schnumann,  R.  and  Warlow-Daries,  E.  jtfJjhaJjBttl 

of  .Sliding  Friction .  Proc.  Phy.  Soc.  London,  Vol.  54.  1942,  p,  14. 

54.  Scraggie,  M,  0.  A  Value  Megohroeter.  Wireless  World,  Vol.  59,  1953,  p,  516. 

55.  Shannan,  E.  P.  The  Effeets  -Pi-Draw  Ratio.  Teauerature  and  Retain  on  the 
Resistivity  of  Nylon  Fibers.  Report  43,  Text,  Research  Inst.,  Lab,,  April,  1953. 


Taa  hi  m  ■* - - 


\ • 


56.  Shaw,  P,  E 
V/ADC  TR  54-513 


II- 


2: 


Phil.  Mag.,  Vol.  9,  1930,  p.  828, 


57.  Shockley,  W.  and  Pearson,  G.  L.  Pby,  Rev.,  Vol.  74,  1049,  p.  232 * 


58.  Silsfcee,  F.  B.  Static  Electricity.  Nat'!.  Bur.  of  Stds.  Circular  C438,  1942. 

59.  Slater,  F.  P.  Proc.  Roj’al  Soc.,  96B,  1924,  p.  181. 

60.  Slaver,  F.  P.  An  Application  o  *  an  Electrical  Method  to  the  Study  of  Moisture 

Absorption  in  Cotton  and  its  Bearing  on  Electrification  in  Cotton.  J.  Text. 
Inst.  Vol.  16,  1925,  p.  53. 

61.  Slater,  F.  P.  A  SensitiTe  Method  of  Observing  Changes  in  Electrical  Conduct¬ 
ivity  of  Single  Hygroscopic  Fibers.  Proc.  Ray.  Soc.,  London,  Vol.  96B,  1924, 
p.  181. 

62.  Stoll,  R.  Meilland  Textiliber,  Vol.  21,  1940,  p.  3. 

63.  Strachan,  J.  Static  Electricity  in  Paper  Making  and  Paper  Using.  Paper 

Market.  Vol.  45,  1948,  p.  47;  Vol.  67,  1948,  p.  69. 

64.  Taam,  I.,  Physik,  Z.,  Sovjetunion,  Vol.  1,  1932,  p.  733. 

65.  Tech.  Report  No.  4.  The  Evaluation  of  Antistatic  Finishes  for  Parachute 
Fabrics.  Contract  No.  AF  33(616)-458,  L.  T.  I.  Research  Foundation,  Dec., 
1953. 

66.  Texeira,  N.  A.  and  EdeJLstein,  S.  M.  Resistivity:  A  Clue  to  the  Electrostatic 
Behavior  of  Fabrics.  Am.  Dyestuff  Reptr.  Vol.  43,  No.  7,  1954,  p.  195. 

67.  Treumann,  H.  J.  Effectiveness  of  Antistatic  Agents  and  Resistance  to  Washing 
and  Dry  Cleaning  Operational  Report  on  Test  No.  GT.  57443,  Mar.  19,  1953. 

68.  Walker,  A.  C.  Moisture  in  Textiles.  B.  S.  T.  J.  Vol.  16,  1937,  p.  228. 

69.  Woodland,  P.  C.  and  Ziegler,  E.  E.  Static  Dust  Collections  on  Plastics. 
Technical  Report,  Dow  Chemical  Co.,  Plastics  Technical  Service,  Midland,  Mich. 

70.  Zwikker,  C.  Technische  Physik  der  Werkstoffe.  Berlin,  Springer  Verlog,  1942. 


WADC  TR  54-513 


22 


APPENDIX  II 


t 

|  A  THEORY  OK  STATIC  ELECTRIFICATION 


Of  the  leveral  theories  which  have  been  sv^ested  to  explain  the  mechanism  of 
static  electrification  bjr  friction,  none  can  explain  the  phenomenon  as  well  as  those 
baaed  on  quantus  mechanical  consideration  (1),  (2),  (3),  (4),  (5). 

The  explanations  which  have  been  presented,  however,  cannot  account  for  all 
the  details  of  static  electrification  and  are  far  from  being  complete.  The  analyti¬ 
cal  investigation  of  the  problem  of  static  electrification  is  so  complex  that  recent 
investigations  have  been  primarily  restricted  to  metal  to  insulator  friction.  It  is 
hoped  that  an  understanding  of  this  simpler  case  may  eventually  lead  to  a  solution 
of  the  more  complicated  instance  of  irsulator  to  insulator  friction. 

This  review  does  not  deal  with  such  microscopic  effects  as  double  layer  effects, 
electrolytic  effects,  etc.  It  is  felt  that  an  atomistic  understanding  of  the  pheno¬ 
mena  is  wf  primary  importance  in  pointing  the  way  to  the  solution  of  the  problem  of 
electrification  from  the  point  of  view  of  the  properties  of  the  material. 

There  are  essential  structural  differences  betve***  metals  and  the  so-called 
insulators.  When  an  electron  coming  from  infinity  (with  a  given  energy)  passes 
through  a  metal,  its  potential  energy  is  reduced.  The  total  energy,  however,  remains 
unaffected.  The  states  of  motion  of  the  electron  the  metal  aic  ,.->8 sible  only  in 
a  nimber  of  discrete  energy  states.  Not  more  than  two  electrons  a.  ;  occupy  any  one 
energy  level  (Paule1  s  exclusion  principle).  In  the  case  of  an  insulator,  some  of 
the  energy  levels  are  fully  occupied  in  the  sense  that  the  electrons  in  them  are 
bound  and  cannot  participate  in  the  conduction  of  electricity. 

It  is  not  reasonable  to  consider  an  insulator  as  possessing  allowable  bands 
since  these  could  bo  occupied  by  free  electros,  i.e,,  the  insulator  would  conduct 
electricity  which  is  against  ovr  conventional  concept  of  a  true  insulator.  It  is 
more  realistic,  instead,  to  visualise  allosmble  states  which  can  be  occupied  by 
electrons  of  restricted  freedom  of  movement.  This  point  of  view  can  then  explain 
the  adherence  of  the  charging  electrons  on  the  surface  of  an  insulator,  and  it  can 
also  account  for  the  possible  existence  of  "holes"  whenever  these  semi-free  electrcps 
can  be  detached  from  the  surface  of  the  insulator. 

An  explanation  of  the  electrification  can  now  be  had  on  the  basis  of  the  pre¬ 
vious  argument.  The  schematic  shown  in  Figure  20  is  very  helpful  to  the  discussion. 

Three  cases  are  considered  for  a  block  of  metal  and  insulators  brought  into 
the  proximity  of  each  otner.  The  above  figures  also  show  the  manner  in  which  the 
potential  barrier  is  expected  to  change  with  the  separation  between  the  metal  and 
insulator.  Case  III,  shown  in  detail  in  the  lower  part  of  the  figure,  indicates 
the  two  possibilities  of  having  the  metal  charged  negatively  by  friction  according 
to  the  holes  left  in  the  insulator  being  due  to  electrons  leaving  a  state  of  re¬ 
stricted  freedom  or  the  reverse  case  for  which  the  metal  becomes  positively  charged. 
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The  point  of  view  which  has  been  adopted  above  can  explain  the  influence  of 
the  effect  of  applying  mechanical  pressure  when  electrifying  bodies  by  friction. 

It  also  is  able  to  yield  a  plausible  explanation  for  the  retention  of  the  charge  by 
an  insulator,  i.e.,  the  appearance  of  holes  as  indicated  in  the  expanded  Case  III. 

The  quantim  mechanics  approach  l.  this  problem  is  new,  and  very  few  papers 
dealing  with  this  immediate  question  h  been  written.  Nevertheless ,  the 
scientific  tool  required  for  a  satisfactory  explanation  of  the  phenomenon  of 
sti  tic  nay  well  be  that  of  quantum  mechanics,  and  future  investigations  may  lead 
to  explanations  of  static  generated  by  insulator  to  insulator  friction. 


VADC  TO  54-513 


24 


References: 


1,  Bardeen,  J.,  Phy.  Rev.,  Ser.  II,  71,  1947,  and  Ser.  II,  77,  19<7. 

2,  Gonsalvea,  V,  E.,  Some  Fundamental  <  lestions  Concerning  the  Stati^  glectrlfld 
tion  of  Textile  Yarns.  Text.  Res.  Jrur.,  23,  Part  I,  p.  711  (1953) . 

3,  Shockley,  W.  and  Pearson,  G.  L.,  Phy.  Rev.,  74,  p.  232  (1149). 

4,  Tanin,  I.,  Physik,  2,  Sowjetunion,  1,  p.  733  (1932). 

5,  Zvikker,  C,  Technische  Phvsik  der  Werkstoffe.  Berlin,  Springer  Verlag,  1942. 


w'ADC  TR  54-513 


25 


APPENDIX  III 


THE  FABRIC  CONTACT  POTENTIAL  METER 


The  l  eneral  Engineering  Laborato  'v  of  the  General  Electric  Company  has 
developed  a  Fabric  Contact  Potential  **eter  for  the  measurement  of  electrostatic 
potential  to  indicate  the  electrostatic  nature  of  the  surface  of  materials  and  the 
effectiveness  of  applied  antistatic  agents. 

This  instrunent  is  shown  in  Figure  21,  and  is  operated  in  the  following  manner: 
The  upper  and  lower  plates  are  circular  disks  of  polished  chromium.  The  upper  plate 
is  separated  from  the  electrostatic  shield  oy  a  polyethylene  block.  The  test,  speci¬ 
men  is  clamped  securely  over  the  lower  plate,  and  the  upper  plate  is  grounded.  The 
lower  plate  is  brought  into  close  contact  with  the  upper  plate,  and  held  securely 
by  means  of  a  special  clamp.  The  ground  is  removed  from  the  upper  plate,  and  thm 
the  lower  plate  is  quickly  released  and  allowed  to  fall  away  from  the  upper  plate 
at  a  constant  rate.  The  potential  existing  on  the  upper  plate  is  measured  by  a 
Keitlley  Electrostatic  Voltmeter  and  represents  the  voltage  existing  on  the  fabric 
specimen.  The  polarity  of  the  charge  indicated  is  opposite  to  that  existing  on 
the  fabric. 

It  was  fcund  necessary  {by  General  Electric)  to  rub  the  test  specimen  manually 
with  a  sheet  of  Mylar  (a  Dacron  film)  to  build  up  a  charge  on  the  fabric  prior  to 
the  measurement  of  the  electrostatic  potential.  Through  this  technique,  the  General 
Electric  representatives  claimed  that  it  was  possible  to  obtain  reproducible  results. 
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APPOiDIX  IV 


STATISTICAL  ANALYSIS  OF  RESISTIVITY  DATA 
WITH  THE  HAYEK-CHnOMEY  METER 


Instranentation 

The  instrusont  used  in  this  phase  of  the  project  was  modeled  after  the  Hayek- 
Ciuomey  Resistivity  Meter,  The  design  and  construction  was  such  that  surface  re¬ 
sistances  from  106  to  4,0  x  ICr-3  ohms  could  be  measured  with  an  accuracy  of  about 
S%  jver  the  greater  part  of  the  range. 

Experimental 

Fourteen  different  antistatic  agents,  applied  to  both  white  and  to  orange 
nylon  parachute  fabrics,  were  evaluated  at  standard  conditions  (70°F  and  65#  RH), 
Five  samples  were  taken  from  each  fabric,  and  ten  resistance  readings  were  made  for 
each  sample,  thus  obtaining  a  emulative  total  of  fifty  resistivity  readings  per 
treatment.  In  a  statistical  sense,  fifty  tests  allowed  an  accurate  evaluation  of 
the  effectiveness  of  the  various  treatments. 

Results 

A  tabulation  of  the  results  of  the  resistance  measurements,  and  the  statistical 
calculations  therefrom  has  been  presented  in  Table  11,  The  antistatic  treatments 
applied  were  identified  in  Table  3 ,  Table  11  shows  the  test  mean,  test  variance, 
standard  error  of  the  mean,  and  the  estimated  population  limits  for  each  of  the 
fabrics  involved.  The  estimated  population  limits  are  further  illustrated  by  their 
graphical  representations  in  Figure  22, 

Discussion 

The  measurement  of  the  surface  resistance  of  untreated  nylon  was  prohibited  by 
the  limited  range  of  the  instruaentation,  thus  the  data  obtained  could  not  be 
interpreted  in  terms  of  the  absolute  effectiveness  of  the  antistatic  agents.  Never¬ 
theless,  the  relative  effectiveness  of  these  agents  was  obtainable. 

In  order  to  establish  the  fact  that  a  given  antistatic  agent  was  more  effective 
than  another,  it  must  be  shown  that  the  mean  values  of  the  resistivities  of  the 
respective  treatments  differ  from  each  other  by  an  amount  greater  than  that  which 
can  be  attributed  to  chance.  In  addition,  it  must  also  be  shown  that  the  distribu¬ 
tions  of  the  individual  test  values  for  each  treatment  are  statistically  alike.  If 
they  ire  not  alike,  it  is  necessary  that  they  do  not  influence  any  analyses  applied 
to  the  means.  Generally  speaking,  formal  statistical  tests  for  measuring  the  pro¬ 
bability  of  unlike  means  of  groups  of  test  information  are  necessary  only  when  the 
differences,  of  themselves,  do  not  appear  to  be  significant.  In  considering  the 
test  iata,  it  was  also  decided  to  calculate  estimates  of  both  the  standard  error 
for  each  group  mean  and  estimates  of  the  population  limits  for  expected  future  tests 
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for  each  treatment.  The  standard  error  of  the  mean  is  an  index  of  the  confidence 
that  can  be  placed  in  each  mean  value.  From  a  visual  examination  of  the  population 
test  limits,  the  degree  of  overlap  of  the  test  results  from  one  treatment  to  another 
can  be  gauged,  and  a  decision  reached  as  to  the  necessity  for  a  formal  statistical 
test  to  evaluate  the  probability  that  the  group*  included  are  alike  or  unlike. 

In  considering  the  mean  vnlues,  ti  tabulated  in  Table  11  and  represented  gra¬ 
phically  it  Figure  22,  it  was  obvious  ‘.at  the  differences  in  the  means  were  so 
great  that  a  formal  statistical  test  designed  to  measure  the  probability  of  the 
means  being  alike  was  unnecessary. 

In  considering  the  uniformity  of  application  of  each  agent  on  a  given  fabric 
(white  or  orange),  the  range  of  test  results  for  all  agents  would  tend  to  be  of 
the  same  magnitude  provided  that  all  other  factors  remained  equal.  Since  the  test¬ 
ing  procedure  was  standardised  to  hold  the  other  factors  constant,  then  the  applica¬ 
tion  of  an  "L^"  test  would  measure  the  probability  that  the  variances  (a  measure  of 
the  range  of  test  results)  were  statistically  alike.  For  the  agents  tested,  the 
probability  that  the  variances  were  equal  was  found  to  be  considerably  less  than  one 
per  cent.  Thus,  the  chances  were  99  to  1  that  the  variances  were  different.  Hence, 
the  a s snap t ion  that  the  distributions  of  the  test  results  for  the  various  agents  were 
alike  was  not  upheld,  and  therefore  a  variation  existed  in  the  uniformity  of  applica¬ 
tion  between  the  various  agents. 

As  an  example  of  the  range  of  variances  encountered,  Treatment  No,  5  had  a 
variance  that  was  1,713,000  times  larger  than  that  of  Treatment  No.  8  when  these 
agents  were  applied  to  white  nylon  fabric. 
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APPENDIX  7 


RESISTANCE  BY  BJTEERATIOR 


In  contrast  with  instrumentation  for  the  direct  reading  of  high  resistance 
values,  a  method  which  should  improve  the  accuracy  of  the  measurements  is  suggested 
using  the  principle  of  integration.  In  this  system  (Figure  23),  the  textile  sample 
constitutes  a  series  charging  resistor  1 jr  an  air  condenser  which  has  a  shunt 
resistance  that  is  high  compared  to  thj  value  under  measurement. 

After  the  charging  current  (E.)  has  been  allowed  to  flow  for  a  predetermined 
length  of  time,  the  condenser  ( c)  is  connected  across  the  terminals  of  an  electro¬ 
meter,  From  the  known  quantities,  namely,  the  capacitance  of  the  condenser,  the 
charging  time,  the  external  voltage,  and  the  voltage  across  the  air  condenser,  the 
value  of  the  unknown  resistance  can  be  calculated  since  it  can  be  shown  that 

Rx  -  i  •  I  .  »  where 

c  -loge  { 1-E,) 

Rx  -  Resistance  in  ohu 
t  -  Charging  tine  in  seconds 
C  -  Capacitance  of  the  air  condenser  in  farads 
Es  3  Source  voltage 

2  -  Voltage  across  the  air  condenser  after  tine  t 

Thus,  with  a  source  voltage  of  1000  volts,  a  charging  tine  of  100  seconds, 
and  realisable  values  of  C,  then  values  of  R-  up  to  about  10^®  ohna  should  be 
measurable  if  an  electroneter  is  used  as  an  indicator  of  E.  Likewise,  if  a  nore 
sensitive  element  were  used  for  the  indication  of  K,  it  would  be  possible  to  extend 
the  range  to  a  higher  value. 
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TABLE  1 


RESISTANCE  MEASUREMENTS  WITH  CALIBRATES  RESISTANCE 
A.  Rj  •  9,5  x  1O0  ohms  +  1% 

Correction  factor 


E3 

(volts) 

Rshr 

(ohms) 

(volts) 

Calculated  R 
(10®  ohas)  * 

-  9.5  x  ID® 
calculated  R, 

295 

10® 

0.3 

9.8 

0,97 

295 

107 

2.9 

10.0 

0.95 

98 

io® 

1.0 

9*7 

0.98 

98 

107 

0.1 

9.8 

0,97 

30 

IQ7 

0.3 

lc.o 

0.95 

30 

10® 

2.5 

11.0 

0.86 

3 

10® 

0.3 

9.0 

1.05 

3 

10® 

1.2 

4-S*0 

0.63 

8.  Rs 

m  9.3  x  IflU  OfaBS  +  34 

Eg 

(volts) 

Rshr 

(ohms) 

(volts) 

Calculated  R. 

(1q11  ohEss) 

Correction  factor 
-  9.3  x  lflll 
calculated  Rg 

295 

10® 

0.5 

5.9 

1.58 

295 

10^ 

5.0 

5.9 

1.59 

98 

10® 

0.1 

9.8 

0.95 

98 

10 143 

1.3 

7.6 

1.22 

30 

1010 

0.3 

9.9 

0.94 

30 

lOn 

2.9 

9.4 

0.99 

3 

10U 

0.3 

9.0 

1.03 

3 

I0l2 

1.1 

I7r0 

0.55 
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TABLE  2 


LITRE  RESULTS  VS  AATCC 

RESULTS 

Lo«  ■:  r 

ResistiTitr 

Fabric 

LTIRF 

Ran*e  of  AATCC  Results 

Untreated  Nylon 

15.4 

12.4  to  greater  than  15,0 

Treatment  A 

12.2 

9.8  tc  10.4 

Treatment  B 

13.5 

11.7  to  13.4 

Treatment  C 

10.1 

8.6  to  9.7 

Treatment  D 

9.8 

8.4  to  9.4 

Treatment  E 

10.7 

9.1  to  10.5 

Treatment  F 

10.6 

9.4  to  10.4 

] 
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TABLE  3 

ANTISTATIC  AGENTS  RECEIVED  AND  TESTED 

Treatment  No. 

Agent 

Manuf  acturer 

1 

Zelec  DP 

E.  I,  du  Pont  de  Nemours  &  Co, 

2 

S-1347 

Glyco  Products  Co, 

3 

S-1348 

Glyco  Products  Co, 

4 

S-1349 

Glyco  Products  Co, 

5 

Polyethylene  Glyco 

4CC  Glyco  Products  Co, 

Mono  Laurate 

6 

Avcosol  20 

Atlas  Powder  Company 

7 

Tween  20 

Atlas  Powder  Company 

8 

0-263 

Atlas  Powder  Company 

9 

GRL  48916 

Atlas  Powder  Company 

10 

Aerotex  Antistatic 

American  Cyanaraid  Co. 

11 

Aerotex  Softener  H 

American  Cyan  amid  Co. 

12 

G  3330  (GRL  48917) 

Atlas  Powder  Company 

13 

G  3780  (GR£  48913) 

Atlas  Powder  Company 

14 

Decersol  SE 

American  Cyanamid  Co. 

15 

G  202  (OIL  48915) 

Atlas  Powder  Company 

16 

Silver  Lube  A  S 

Carolina  Aniline 

17 

Silver  Lube  NEW 

Carolina  Aniline 

18 

Silver  Lube  F 

Carolina  Aniline 

19 

Lektrost.t  B 

Dexter  Chemical  Gorp, 

20 

Lektrostat  G7 

Dexter  Chemical  Corp, 

21 

Lektrostat  C 

Dexter  Chemical  Corp. 

22 

Nopcostat  5V 

Nopco  Chemical  Co. 

23 

Nopcostat  1W 

Nopco  Chemical  Co. 

24 

Arkansas  St/ 

Arkansas  Company 

25 

Trepoatat  30 

Treplow  Products 

26 

Triton  K60 

Rohm  ft  Haas 

27 

Ahco  III  Paste 

Arnold,  Hoffman  &  Co, 

28 

Antistat  R-50-N 

Tan at ex  Corp, 

29 

Antistat  H-50-N 

Tanatex  Gorp, 

30 

Cellolube  Antistat 

Tanatex  Corp. 

31 

Tanalube  0  200jt 

Tanatex  Corp. 

32 

Cellolube  CS  200% 

Tanatex  Corp. 

33 

Cellolube 

Tanatex  Corp, 

34 

Silver  Lube  NF 

Caroline  Aniline 

'  * 

Silver  Lube  FW 

Caroline  Aniline 

36 

Antistat  M-50-N 

Tanatex  Corp. 

37 

Ceramine  HC  Cone, 

Sandos 

38 

Nopcostat  ST 

Nopco  Chemical  Co, 

39 

Nopcostat  AS -40 

Nopco  Chemical  Co. 
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TABLE  4 


AGENTS  APFLIED  TO  NYLON  FABRIC 


Traataent  %  Solids  Deposited  on  Nabrir 
No,  White  Orange 


Manufacturer’s  Claims  Regarding  Fastness  to 
Laundering _ Dry  Cleaning  _ 


1 

0.8 

0.6 

Tea 

No  Claim 

2 

3.7 

3.0 

Partially 

Partially 

3 

3.4 

3.1 

Partially 

Partially 

4 

3.7 

2.8 

Partially 

Partially 

5 

4.3 

3.0 

Partially 

Partially 

6 

4.2 

4.0 

No 

No 

7 

4.1 

3.6 

Unknown 

Unknown 

8 

1*4 

1.6 

Unknown 

Unknown 

9 

3.9 

4.0 

Unknown 

Unknown 

10 

3.0 

3.4 

Limited 

Limited 

11 

1.2 

0.7 

No 

Limited 

12 

3.8 

4.0 

Unknown 

Ubknown 

13 

3.3 

3.3 

Unknown 

Unknown 

14 

2.3 

2.2 

Limited 

Limited 

15 

3.3 

3.4 

Unknown 

Uhknosei 

16 

1*4 

1.4 

Yea 

Unknown 

17 

1.8 

1.0 

lea 

Unknown 

18 

us 

1.8 

Tea 

Ufaknown 

19 

1.0 

0,5 

Fair 

Fair 

20 

0.4 

0.2 

Fair 

Fair 

21 

0.4 

0.3 

Fair 

Fair 

22 

1.2 

1.0 

No 

No 

23 

3.5 

2.6 

No 

No 

24 

0.4 

0.3 

No 

Partially 

25 

0.9 

0,6 

Partially 

Partially 

26 

0.2 

0.3 

No 

No  Claim 

27 

0.3 

0.2 

Good 

Fair 

28 

0.9 

0.9 

No 

Unknown 

29 

0.8 

0.9 

No 

Unknown 

30 

1.2 

1.2 

No 

Unknown 

31 

1.4 

1.1 

No 

Unknown 

32 

0.7 

0.5 

No 

Unknown 

33 

0.3 

0.4 

No 

Unknovn 

34 

3.7 

1.8 

Yea 

Unknown 

35 

0.9 

0.5 

Yes 

Unknown 

36 

0.4 

1.0 

No 

Ur  known 

37 

2,3 

2.0 

Partially 

Unknown 

38 

1.0 

0.8 

No 

No 

39 

2.1 

1.8 

No 

No 
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TABLE  6 


RESISTIVITY  AS  A  flNCTICN  OF  TEXP ERA T151E 


Saaplc 

Tr-ir-»nt 

Temp 

Jl. 

RH 

L 

Resiatiritr  (ohna) 

ReaigtiyltT 

#13  White 

32 

16 

7.90  x  1011 

”.9 

#13  White 

5 

13 

3,70  x  1012 

12.6 

#13  White 

-4 

12 

1.32  x  1013 

13.1 

#13  White 

-15 

11 

3.48  x  1014 

14,5 

#13  White 

-25 

11 

8.45  x  10l* 

14.9 

#13  White 

-30 

10 

1.97  x  1015 

15.3 

#15  White 

32 

16 

4.23  x  10H 

H.6 

#15  White 

5 

13 

1,32  x  1012 

12a 

#15  White 

-4 

12 

8.45  x  1012 

12,9 

#15  White 

-15 

11 

2.15  x  10l* 

14.3 

#15  White 

-25 

11 

5.92  x  10l4 

14,8 

#15  White 

-30 

10 

7.40  x  10l* 

14.9 
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TABLE  7 

RESISTIVITY  VS  RELATIVE  HUMIDITY  (AT  CONSTANT  TEMPERATURE) 


Sample 

Treatment 

Temp 

°F 

L 

Resistivity  (ohms) 

Lee  Resistivity 

Untreated  White 

64 

63 

10.3  x  1014 

15.0 

Untreated  White 

64 

42 

app  12  x  10*5 

16  A 

#13  White 

64 

63 

1,48  x  1010 

10,2 

#13  White 

64 

45 

8,45  x  1010 

10.9 

#13  White 

64 

42 

9.12  x  ldO 

n.o 

#13  White 

64 

32 

1.32  x  lO21 

11.1 

#13  White 

64 

22 

1.82  x  loll 

11.3 

#13  White 

64 

18 

2.37  x  10U 

11.4 

#15  White 

64 

63 

less  than  2,45  x  10$ 

_ 

#15  White 

64 

«5 

app  2.45  x  10s 

9.4 

#15  White 

64 

23 

2.82  x  I0l« 

10.5 

#15  White 

64 

18 

3.06  x  10l0 

10.9 
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TABLE  8 

resistivitt  >«asure>ents  for  treated  and  mTRkwTED  mylon  F/Oirics 
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*  V/  -  Ivliite  Nylon 
**  0  a  Orange  Nylon 


TABLE  9 


FABRIC  RESISTIVITT  AT  -30°F  AND  10*  RH 
(LTIRF  RESISTIVITY  TESTER) 


T  wipe  rati  -30°F 

Relative  Himidity  10* 
No,  of  Specimeis  per  Fabric  5 
No,  of  Tests  per  Specimen  5 
Total  Readings  per  Fabric  25 
Source  Voltage  300  Volts 


V*  m  White  Fabric 


Untreated  -  W* 
Untreated  -  0** 

1  -  w 

2  -  W 

3  -  V 
4-0 

5  -  V 

6  -  V 

7  -  V 

8  -  W 

9  -  V 
9-0 

10-0 

11  -  V 

12  -  W 

13  -  V 
13-0 

14  -  V 

15  -  V 
15-0 

16  -  W 

17  -  V 
19  -  W 


Average  Resistivity 

_  idhM>  - 


Out  of  Range 
Out  of  Range 
>6,12  x  1016 
Out  of  Range 
Out  of  Range 
>6,12  x  1<?& 

1.22  x  1016 
5,18  x  1013 
3.65  x  10*5 

Out  of  Range 
2,45  x  10lS 
6.02  x  1015 
>6,12  x  I0l£ 
>6.12  x  1016 
Out  of  Range 
16,9  x  10*4 
17.7  x  ldW 
^.12  x  1016 

6.23  x  1014 
7.40  x  I0l4 

Out  of  Range 
2.04  x  1016 
Out  of  Range 


0**  a  Or-nge  Fabric 


Limits  of  Resistivities 


Minimum  of  9.4  x  10' 


,15 


Minimise  of  1.2  x  lol® 
0.61  to  1.83  x  1016 
3,95  to  7.20  x  1015 
1.75  to  5.84  x  1015 


2.04  to  4.08  x  10l5 
3,ca  to  12.0  x  1013 
Minimus  of  1.75  x  10^ 
Minimal  of  1.75  x  lol® 


9.10  to  23.6  x  1014 
11.8  to  33.8  x  1014 
Minimum  of  1,72  x 1016 
3.95  to  8.45  x  I0I4 
4.94  to  16,9  x  1014 


1.53  to  6.10  x  1016 


20  -  V 

Out  of  Range 

21  -  W 

>6,12  x  I0l6 

Minimum  of  2.40  x  103-® 

22  -  V 

Out  of  Range 

23  -  V 

>6.12  x  1016 

Minimus  of  3,01  x  1016 

25  -  V 

>6.12  x  1016 

Minimum  of  1,50  x  10*6 

26  -  V 

Out  of  Range 

27  -  W 

>6.12  x  1016 

Minimus  of  2.45  x  lol® 

23  -  V 

Out  of  Range 

29  -  V 

Out  of  Range 

WADC  TO  54-513 
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table  9  (Continued) 

FABRIC  RESISTIVITY  AT  -3C  ^  AND  10*  tiH 
(LTIR7  RESISTIVITY  TESTHO 


Ttm^erature  -30°F 
Relati  ’e  Hunidity  10* 
No.  of  Spec'-mana  per  Fabric  5 
No,  of  T<sts  per  Specimen  5 
Total  Readings  per  Fabric  25 
Source  Voltage  300  Volta 


W*  «  White  Fabric 


fabric  Treatment 

30  -  W 

31  -  W 

32  -  V 

33  -  W 

34  -  W 

35  -  W 

36  -  V 

37  -  W 

38  -  V 

39  -  V 


Average  Reaiatirity 

- Ig-hen) 


Out  of 
Out  of 
Out  of 
>6.12 
Out  of 
Out  of 
>6.12 
Out  of 
>6.12 
Out  of 


Range 

Range 

^6 

Range 

Range 

X  1&A6 

Range 


0**  s  Orange  Psbrie 

Limits  of  Resistivities 
for  Individual  Tests 


Minimum  of  2,45  x  lol* 

Minimve  of  1.75  x  1016 
Minimm  of  1.53  x  10l6 
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TABLE  10 

VARIATION  IN  TEST  ATMOSPHERE  MOISTURE  CONTENTS 
Grains  Uater  Vapor 


Temp 

°F 

RH 

1 

Per  Poind  Dry  >  lr 
(Absolute  Hiaddi  /) 

Temp 

op 

RH 

L 

Grains  Water  Vapor 

32 

lb 

4.24 

32 

10 

2.65 

5 

13 

1.07 

5 

10 

0.82 

—4 

12 

0.66 

-4 

10 

0,54 

-15 

n 

0.3S 

-15 

10 

0.31 

-25 

11 

0.21 

-25 

10 

0,19 
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Figure  3 

Electrooe  Assembly 
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a  «  GUARDED  ELECTRODE 
b  *  UNGUARDED  ELECTRCOE 
C  =  GUARD  ELECTRODE 
Es  *  SUPPLY  VOLTAGE  (300V) 

Ev  «  CENCO  ELECTROMETER 
Rsbv  *  METER  SHUNT  (CALIBRATED  RESISTORS) 
Rt  »  SURFACE  RESISTANCE  OF  FABRIC 
Rv  *  VOLUME  RESISTANCE  OF  FABRIC 
Rsv  *  LEAKAGE  RESISTANCE  FROM  UNGUARDE' 
ELECT POOE  TO  GUARO  ELECTROOE 


Figure  5 


Circuit  for  Surface  Resistance 


Correction  Factor  Vg.  R *hv  Values 
at  Various  Supply  Voltages 


0  10  20  30  4  0  5  0  60  70 

%  RELATIVE  HUMIDITY 
Figure  9 

Moisture  Content  Vs  Relative  Humdity 


Figure  II 


Front  View  of  Testing  Chamber 
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Figure  12 


Side  View  of  Testing  Chamber 
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Dehumioifyimj  and  Heating  Systems 
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riGURE  15 


imr  RESIST! VI TT  TESTER 
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Figure  16 

Agent  Concentration  &  Antistatic  Efficiency 


CHANGE  FAEHiC  MEANS 


WHITE  FABRIC  MEANS 


Figure  17 

Correlation  Plot  of  Mean  \&lue  Rankings 
for  Orange  anoWhive  NnoM  Parachute  Cloth 
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FIGURE  20 

Explanation  for  Solid  State  Pmysics  UmfimTAiicN 
of  Static  Electricity 
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1. 

Spring  ring  for  ••curing  cloth  Maple. 

2. 

lonr  pint*  nod  apladl*. 

3. 

Catch. 

4. 

Threaded  lead  connection . 

3. 

Ground  connection. 

6. 

Grounding  switch. 

7. 

Cap  lead  connection. 

8. 

Kelthly  electrometer . 

9. 

Voltage  divider  (10:1)  given  full 

•cal*  reading 

of  200  volts  when  in  place  beleeen 

(7)  and  (8). 

10. 

Ilectrlcal  zeroing  knob. 

n. 

Mechanical  zeroing  screw  (adjusted 
Is  In  "off”  position). 

onljr  when  Kelthly 

12. 

Scale  eetectoi  switch.  Turn  "off" 
In  use. 

13. 

Trigger  for  dropping  (2) . 

14. 

Upper  plate. 

Figure  21 

Fabric  Contact  Potential  Meter 


WADC  7H  54-513 


63 


flGURE 

Population  Limits  for  Indmdual  Test  Results 

(BASED  OH  TESTS  ACTUALLY  MADE  ) 


